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SUMMARY
The w o rk  r e p o r t e d  i n  t h i s  t h e s i s  d e a l s  w i t h  a s p e c t s  o f  
s y n c h r o n i s a t i o n  and  t r a c k i n g  i n  d i r e c t  s e q u e n c e  s p r e a d  s p e c t r u m  
s y s t e m s  u s e d  i n  r a n g i n g  and c o m m u n i c a t i o n s  a p p l i c a t i o n s .  T h i s  i s  
r e g a r d e d  a s  a major des ign  problem i n  such s y s tem s  and s e v e r a l  novel 
s o l u t i o n s  Eire p resen ted .  Three main problem a r e a s  have been d e f in e d :  
i )  r e d u c t i o n  o f  t h e  a c q u i s i t i o n  t i m e  o f  code s y c h r o n i s a t i o n  i n  t h e  
s p read  spec t rum r e c e i v e r ;  i i )  r e d u c t i o n  of the  r e c e i v e r  com plex i ty ;  
i i i )  i m p r o v e m e n t  o f  t h e  s i g n a l  t o  n o i s e  r a t i o  p e r f o r m a n c e  o f  t h e  
system by b e t t e r  u t i l i s a t i o n  of the  power spec t rum  i n  the  main l o b e  
o f  t h e  t r a n s m i t t e d  s i g n a l .  G r e a t e r  t o l e r a n c e  t o  D o p p le r  s h i f t  
e f f e c t s  i s  a l s o  im p o r ta n t .
A g e n e r a l  rev iew of th e  sp read  spec trum concept  and p a s t  work i s  
f i r s t  g iv e n  i n  Chapter  One, and common methods  of s y n c h r o n i s a t i o n  and 
t r a c k i n g  a r e  r e v i e w e d  i n  C h a p t e r  Two. T h e re ,  c u r r e n t  p e r f o r m a n c e  
l i m i t a t i o n s  a r e  a l s o  inc luded .
I n  C h a p t e r  T h re e  a n o v e l  m e thod  i s  g i v e n  f o r  i n c r e a s i n g  t h e  
s p e e d  of  s y n c h r o n i s a t i o n  b e t w e e n  l o c a l l y  g e n e r a t e d  and  r e c e i v e d  
codes,  u s in g  a t e chn ique  of  c o n t r o l l i n g  t h e  l o o p ’s  e r r o r  curve d u r in g  
a c q u i s i t i o n .  T h i s  m e th o d  i s  a p p l i e d  t o  d i f f e r e n t  w i d t h  (A) d e l a y  
l o c k  l o o p s ,  and a s i g n i f i c a n t  i n c r e a s e  i n  maximum s e a r c h  r a t e  i s  
o b t a i n e d .  The e f f e c t  o f  t h e  w i d t h  o f  t h e  d i s c r i m i n a t o r  
c h a r a c t e r i s t i c s  and damping r a t i o  on t h e  maximum s ea rch  r a t e  a r e  a l s o  
examined.  The te c h n iq u e  i s  a p p l i e d  to  d a t a  modula ted  s p read  spec t rum  
s y s t e m s  w h i c h  u s e  e i t h e r  s y n c h r o n o u s  o r  a s y n c h r o n o u s  d a t a  
communica tion  systems.  All methods  have been t e s t e d  e x p e r i m e n t a l l y  
and found t o  per fo rm as  p r e d i c t e d  t h e o r e t i c a l l y .
S e v e r a l  n o v e l  s p r e a d  s p r e c t r u m  c o n f i g u r a t i o n s  a r e  g i v e n  i n  
Chapter  Four which  employ m u l t i - l e v e l  sequences.  Some c o n f i g u r a t i o n s  
h a v e  r e d u c e d  t h e  c o m p l e x i t y  and c o s t  o f  t h e  s p r e a d  s p e c t r u m  
r e c e i v e r s .  O th e r s  show some improvement i n  t h e  maximum sea rch  r a t e  
a s  w e l l  a s  t h e  s i g n a l  t o  n o i s e  r a t i o  p e r f o r m a n c e .  Some of  t h e s e  
c o n f i g u r a t i o n s  have  been im plem ented  e x p e r i m e n t a l l y .
I n  Chapter  Five,  the g e n e r a t i o n  and p r o p e r t i e s  of the  com posi te  
( K r o n e c k e r )  s e q u e n c e s  a r e  e x p l a i n e d .  S e v e r a l  t y p e s  o f  c o m p o n en t  
s e q u e n c e s  a r e  e x a m in e d .  And t h e  r e c e p t i o n  o f  t h e s e  c o m p o s i t e  
s equences  a r e  d i s cu s s ed .  In p a r t i c u l a r ,  a te ch n iq u e  i s  i n t r o d u c e d  f o r  
a c h i e v i n g  a r a p i d  a c q u i s i t i o n  o f  p h a s e  s y n c h r o n i s a t i o n  u s i n g  t h e s e  
codes.
T he  e f f e c t  o f  w h i t e  G a u s s i a n  n o i s e  on t h e  a c q u i s i t i o n  
p e r f o r m a n c e  o f  t h e  d e l a y  l o c k  l o o p  i s  g i v e n  i n  C h a p t e r  S ix .  
E x p e r i m e n t a l  r e s u l t s  a r e  o b t a i n e d  f o r  b o t h  d i g i t a l  and a n a l o g u e  
c o r r e l a t o r s .
C h a p t e r  S e v e n  g i v e s  a f i n a l  summary o f  t h e  c o n c l u s i o n s ,  and  
f u r t h e r  work s u g g e s t i o n s .
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CHAPTER ONE 
THE SPREAD SPECTRUM CONCEPT
1.1 INTRODUCTION
I n  t h e  p a s t  few d e c a d e s  t h e r e  h a s  b e e n  a t r e m e n d o u s  g r o w t h  i n  
the  use of r a d i o  com munica tions  t o  p rov ide  a w ide  v a r i e t y  of s e r v i c e s  
now r e q u i r e d  by m ode rn  c i v i l i s a t i o n .  T h i s  g r o w t h  h a s  r e s u l t e d  i n  
a l m o s t  f u l l  u t i l i s a t i o n  of  e x i s t i n g  r a d i o  f r e q u e n c y  c h a n n e l  
a l l o c a t i o n s  t o  cope  w i t h  t h e s e  s e r v i c e s ,  p a r t i c u l a r l y  i n  h i g h  
p o p u la t io n  d e n s i t y  u rban  env i ro nm en ts .  Th is  heavy u sage  h a s  l e d  t o  
p r o b l e m s  o f  i n t e r f e r e n c e  and  " s p e c t r u m  p o l l u t i o n " .  Yet ,  t h e r e  i s  
s t i l l  a demand f o r  m ore  w i d e s p r e a d  u se  o f  r a d i o  c o m m u n i c a t i o n s  t o  
h a n d l e  t h e  i n c r e a s i n g  t r a f f i c  o f  i n f o r m a t i o n  from computer  ne tworks ,  
an d  p a r t i c u l a r l y  f o r  c o m m u n i c a t i o n s  f r o m  m o b i l e  u s e r s  of  t h e  
t e l e p h o n e  s y s t e m .  A l l o c a t i o n  o f  new f r e q u e n c y  c h a n n e l s  i s  now 
l i m i t e d .  I n  t h e  U n i te d  Kingdom t h e  major  new a l l o c a t i o n  of spec t rum  
h a s  b e e n  t h e  r e - a l l o c a t i o n  o f  band  I I I  o f  t h e  o l d  405 l i n e  TV 
t r a n s m i s s i o n  to  p r i m a r i l y  m o b i l e  r a d i o  usage.
Two main  t e c h n i q u e s  a r e  be ing  c o n s id e r e d  t o  i n c r e a s e  t h e  number 
of  u s e r s  s h a r i n g  t h e  f r eq u en cy  spec trum.  One, i s  t o  use  narrowband 
m o d u l a t i o n  t e c h n i q u e s  su c h  a s  s i n g l e  s i d e  band m o d u l a t i o n  (SSB). 
H ow ever ,  t h i s  h a s  n o t  m e t  w i t h  w i d e s p r e a d  a d o p t i o n ,  a l t h o u g h  t h e  
t e c h n i c a l  p r o b l e m s  a s s o c i a t e d  w i t h  SSB, p a r t i c u l a r l y  f o r  m o b i l e  
a p p l i c a t i o n s  a r e  be ing  overcome. The second i s  t o  use f requenqy  r e ­
use t e c h n iq u e s  i n  which  t h e  same f requency  channel  i s  r e - u s e d  i n  two 
g e o g ra p h i c a l  l o c a t i o n s  which  a r e  spaced  s u f f i c i e n t l y  f a r  a p a r t  t h a t  
t h e r e  i s  ve ry  l i t t l e  mutual  i n t e r f e r e n c e  be tween  u s e r s  a t  each s i t e .  
Th is  approach  fo r m s  the  b a s i s  of  c e l l u l a r  m o b i l e  r a d i o  schemes.
-  2
In  g e n e ra l ,  t h e r e  has  a l s o  been a t r e n d  tow ards  h ig h e r  o p e r a t i n g  
f r e q u e n c i e s  (—»lGHz), where the number of  c u r r e n t  u s e r s  i s  somewhat 
l e s s .  However,  such  s c h e m e s  t e n d  t o  be c o s t l y ,  r e q u i r i n g  h i g h  
te chno logy  components and c i r c u i t r y ,  and f o r  wide a r e a  coverage t h e s e  
f requency  bands a r e  not  th e  most  a p p r o p r i a t e .
As a consequence,  m u l t i p l e x i n g  t e c h n iq u e s  o t h e r  than  f requency  
d i v i s i o n  m u l t i p l e x i n g  h a v e  been  p r o p o s e d  i n  an  a t t e m p t  t o  a c h i e v e  
i m p r o v e d  s p e c t r u m  u t i l i s a t i o n  o r  i m p r o v e d  p r o t e c t i o n  f r o m  
i n t e r f e r e n c e  [ 1 - 3 ] .  " S p re a d  S p e c t r u m "  t e c h n i q u e s ,  u s i n g  code  
d i v i s i o n  m u l t i p l e x i n g ,  have been proposed a s  an  a l t e r n a t i v e  method of  
s e n d in g  many messages  s im u l t a n e o u s l y  over a common channe l ,  and th e s e  
t e c h n i q u e s  a l s o  h a v e  many i n t e r e s t i n g  i n t e r f e r e n c e  r e j e c t i o n  
p r o p e r t i e s .  Fu r the rm ore ,  th e se  t e c h n iq u e s  a r e  f i n d i n g  w id e s p re a d  use 
i n  m i l i t a r y  and a e ro s p a c e  a p p l i c a t i o n s  where t h e i r  s p e c i a l  p r o p e r t i e s  
can be u t i l i s e d  t o  good e f f e c t .
In  t h i s  c h a p t e r  a d e s c r i p t i o n  of  code d i v i s i o n  m u l t ip l e x e d ,  or 
m u l t i - a c c e s s  s p r e a d - s p e c t ru m  sys tem s  w i l l  be g iv e n  a s  w e l l  a s  some of 
i t s  a d v an tag es ,w h en  compared w i t h  o t h e r  ty p e s  o f  m u l t ip l e x in g .
1 . 2  FEATURES OF MULTIPLE ACCESS SYSTEMS
M u t l i p l e x i n g  i s  th e  means by which more th a n  one s i g n a l  may be 
t r a n s m i t t e d  s im u l t a n e o u s l y  between two p o in t s ,  u s in g  one channel ,  and 
i t  a l l o w s  e a c h  s i g n a l  t o  be s e p a r a t e d  a t  t h e  r e c e i v i n g  end. The 
f o l l o w i n g  r e p r e s e n t  t h r e e  main fo rms  of  m u l t i p l e x i n g  [ 4 ,5 ] :
a) F r e q u e n c y - d i v i s i o n  m u l t i p l e x i n g  (FDM)
I n  t h i s  t e c h n i q u e  t h e  b a n d w i d t h  a v a i l a b l e  i s  d i v i d e d  i n t o  
i n d e p e n d e n t  c h a n n e l s ,  each  o f  w h ich  h a s  an  a s s i g n e d  p o r t i o n  o f  t h e
-  3 -
f r e q u e n c y  a l l o c a t i o n .  A l l  c h a n n e l s  c a n  be t r a n s m i t t e d
s i m u l t a n e o u s l y ,  and  t h e  number  of  i n d e p e n d e n t  u s e r s  s h a r i n g  t h e  
f r e q u e n c y  a l l o c a t i o n  d e p e n d s  upon t h e  b a n d w i d t h  r e q u i r e d  by each
message a f t e r  m odula t ion  to  the  f requency  of a l low ed  channel .  This
type of m u l t i p l e x i n g  i s  employed i n  most  r a d i o  communica tion  sys tem s
and a l s o  i n  m u l t i p l e x i n g  t e lep h o n e  channe ls .  An obv ious  r e a s o n  f o r
t h e  p o p u l a r i t y  of  t h i s  t y p e  of  m u l t i p l e x i n g  i s  t h e  a v a i l a b i l i t y  of
f requency  s e l e c t i v e  f i l t e r s  which a r e  h ig h l y  e f f i c i e n t  a t  r e j e c t i n g
th e  i n t e r f e r e n c e  t h a t  would  be caused  by t r a n s m i s s i o n s  on a d j a c e n t
channe ls .  Co-channel i n t e r f e r e n c e  can be m in im ise d  by e n s u r i n g  t h a t
t h e  c o - c h a n n e l  t r a n s m i t t e r s  a r e  s i t e d  s u f f i c i e n t l y  f a r  a p a r t
g e o g r a p h i c a l l y .  I f  t h e  c h a n n e l  h a s  a l i n e a r  a m p l i t u d e  t r a n s f e r
c h a r a c t e r i s t i c  th e  whole bandwidth  can be employed.  However, i f  t h e
c h a n n e l  i s  n o n - l i n e a r  a much l a r g e r  b a n d w i d t h  i s  n e e d e d  due t o  t h e
g e n e r a t i o n  of  i n t e r m o d u l a t i o n  p r o d u c t s  which  would a c t  a s  a d j a c e n t
channel  i n t e r f e r e n c e  i f  a  g ua rd  band  f r e q u e n c y  a l l o c a t i o n  w e r e  n o t
u s e d .  U s u a l l y  mos t  t r a n s m i s s i o n  c h a n n e l s ,  o r  t h e  m e th o d  o f
modu la t ion ,  have some degree  of  n o n - l i n e a r i t y ,  and unused guard -band
a l l o c a t i o n s  must be used  r e d u c i n g  t h e  e f f i c i e n c y  of  t h e  occupancy of
t h e  band.
b) Time d iv i s io n  m u l t ip le x in g  (TDM)
The e s s e n c e  of  t i m e  d i v i s i o n  m u l t i p l e x i n g  i s  t h a t  i t  t a k e s  a 
r e p r e s e n t a t i v e  s a m p le  o f  s e v e r a l  s i g n a l s  i n  s t r i c t  s e q u e n c e ,  and  
t r a n s m i t s  t h e  ’ s a m p l e ’ o f  e a c h  s i g n a l  s e q u e n t i a l l y  a l o n g  a common 
channel .  Sampling of each s i g n a l  must  be conducted  a t  a  r a t e  which  
i s  s u f f i c i e n t l y  h ig h  t o  p r e s e r v e  f i d e l i t y  o f  ea c h  s i g n a l .  T h i s  i s  
de te rm ine d  by the Nyquis t  r a t e ,  such t h a t  the  sam pl ing  f requency ,  f g
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i s  g iv e n  by:
^s -   ̂ ^max
w h e r e  f ^ a x  t h e  h i g h e s t  f r e q u e n c y  c o m p o n e n t  i n  t h e  s i g n a l  t o  be 
sampled.  This  i s  g e n e r a l l y  d e f in e d  by low pass  f i l t e r i n g  t h e  s i g n a l  
w i t h  a h igh  o rde r  f i l t e r .  The pe r iod  between samples  of  each s i g n a l  
i s  j u s t  1 / f g  and t h e  d u r a t i o n  of  each sample  must  be < 1 / N f g ,  where N 
i s  the  number of s i g n a l s  be ing  t r a n s m i t t e d  down the  channel .
The am p l i tude  of  th e  s ig n a l  sample may be r e p r e s e n t e d  s im p ly  as  
a n  a n a l o g u e  s a m p le  a m p l i t u d e ,  a s  i n  p u l s e  a m p l i t u d e  m o d u l a t i o n  
(P.A.M.) o r  by some o t h e r  m e th o d  w h i c h  d e f i n e s  t h e  a m p l i t u d e  a s  an  
e q u i v a l e n t  q u a n t i t y .  Maximum a d v a n t a g e  can be o b t a i n e d  i f  t h e  
r e s u l t i n g  p u lse  or  p u l s e s  a r e  b in a ry  because t h i s  can improve s i g n a l  
r e c o v e r y  when t h e  c h a n n e l  i s  n o i s y .  One m e th o d  i s  t o  c o n v e r t  t h e  
sample  a m p l i tu d e  i n t o  t h e  e q u i v a l e n t  w id th  of  a b in a ry  pu lse  (Pu lse  
Width Modula t ion  (PWM)) or  a s  a  r e l a t i v e  s t a r t i n g  p o s i t i o n  of a f i x e d  
w id th  pu lse  (PPM) o r  by a s e r i e s  of  p u l s e s  r e p r e s e n t i n g  t h e  am p l i t u d e  
a s  a  b i n a r y  code (PCM).
The s a m p l e s  o f  ea c h  s i g n a l  a r e  t r a n s m i t t e d  i n  " t i m e  s l o t s "  
d e l a y e d  by f i x e d  p e r i o d s  f r o m  a r e f e r e n c e  o r  s y n c h r o n i s a t i o n  s l o t .  
The  c o m p o s i t e  s i g n a l  i s  d e m u l t i p l e x e d  a t  t h e  r e c e i v e r  by e n s u r i n g  
c a r e f u l  s y n c h r o n i s a t i o n  of the  d e m u l t i p l e x e r  or d a t a  s e l e c t o r  s w i tc h ,  
and each s ig n a l  i s  r e c o v e re d  from i t s  r e s p e c t i v e  sequence of  samples  
by a s a m p l e  and  h o l d  and  f i l t e r i n g  p r o c e s s .  To a c h i e v e  a l a r g e r  
number of  s im u l ta n e o u s  u s e r s  each sample d u r a t i o n  must  be s h o r t  and 
t h i s  demands t h a t  the channel  must  have a very  wide  bandwidth.  Each 
s i g n a l  u t i l i s e s  t h i s  wide bandwidth ,  u n l i k e  FDM s y s t e m s  where each 
s i g n a l  h a s  a r e l a t i v e l y  narrow bandwidth.
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In  a TDM system the  p r i n c i p a l  source  of i n t e r f e r e n c e  i s  due to  
s y n c h r o n i s a t i o n  e r r o r s ,  such a s  i n t e r  symbol i n t e r f e r e n c e ,  where due 
t o  s y n ch ro n is a  t i o n  m i s - t i m i n g ,  t h e r e  i s  an o v e r l a p  of  a d j a c e n t  t im e  
s l o t s  r e p r e s e n t i n g  two d i f f e r e n t  s i g n a l s .  I f  t h e  s a m p l e s  a r e  
r e p r e s e n t e d  a s  b i n a r y  s e q u e n c e s ,  c o d i n g  c a n  be u s e d  t o  o f f s e t  t h e  
p r o b l e m s  of  i n t e r s y m b o l  i n t e r f e r e n c e .  A n o th e r  m a in  fo rm  of  
i n t e r f e r e n c e  i s  due t o  a l i a s i n g .  T h i s  i s  l a r g e l y  due t o  h a v i n g  
s i g n a l  f i l t e r s  w h i c h  do n o t  h a v e  a h i g h  r o l l  o f f  of  f ^ a x ’ t h a t
t h e r e  a r e  s i g n i f i c a n t  s i g n a l  components a t  f r equenc ie s  > f g /2 .
c)  Code D iv is io n  M u lt ip le  A ccess M u lt ip le x in g  (CDMA)
L i k e  TDM, code  d i v i s i o n  m u l t i p l e  a c c e s s  m u l t i p l e x i n g  i s  an  
i n h e r e n t l y  b r o a d b a n d  t e c h n i q u e ,  and  e a c h  m e s s a g e  i s  t r a n s m i t t e d  
s i m u l t a n e o u s l y  o v e r  a common b a n d w i d t h  a l l o c a t i o n .  Each m e s s a g e  
o c c u p i e s  the same bandwidth ,  however,  u n l i k e  TDM sys tem s  each  message 
i s  n o t  s p l i t  i n t o  t i m e  s l o t s ,  and a s t r i c t  s y n c h r o n i s a t i o n  o f  t h e  
e n t i r e  s y s t e m  v i a  a c e n t r a l  c o n t r o l l e r  i s  n o t  r e q u i r e d .  T h i s  
ob v io u s ly  s i m p l i f i e s  d es ign  of the  m u l t i p l e  a c c e s s  system, a l though  
i n d i v i d u a l  u s e r s  g e n e r a l l y  r e q u i r e  complex s y n c h r o n i s a t i o n  s y s t e m s .  
The t e c h n i q u e  h a s  t h e  a d v a n t a g e  t h a t  i t  c a n  a l s o  be u s e d  i n  
a p p l i c a t i o n s  w h e r e  t h e  s i g n a l  t o  be t r a n s m i t t e d  m u s t  be p r o t e c t e d  
f r o m  u n a u t h o r i s e d  d e t e c t i o n  and  dem odu la t ion ,  c o r r u p t i o n  from high 
l e v e l s  of i n t e r f e r e n c e ,  or d e l i b e r a t e  a c t s  of  jamming i n t e r f e r e n c e .
The method used  i n  t h e  CDMA te chn ique  i s  t o  sp read  t h e  s ig n a l  to  
be t r a n s m i t t e d  by means of some h igh speed  code or s p r e a d in g  f u n c t i o n  
t o  a much w ide r  bandwidth.  Severa l  methods of  m odu la t ion  e x i s t  and 
t h i s  d e f i n e s  t h e  t y p e  o f  s p r e a d - s p e c t r u m  s y s t e m  b e i n g  u sed .  Each 
u s e r  i s  modulated  by a d i f f e r e n t  code, and a l l  the  spread  s i g n a l s  a r e
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t r a n s m i t t e d  over a common bandwidth.  A ddress ing  of  each s ig n a l  i s  
i m p l i c i t  i n  t h e  code  u s e d ,  an d  r e c o v e r y  of  e a c h  s i g n a l  i s  by some 
form of c o r r e l a t i o n  of  th e  wan ted  s i g n a l  w i th  a r e p l i c a  sequence of 
t h a t  u s e d  i n  t h e  a p p r o p r i a t e  t r a n s m i t t e r .  A l l  t h e  u s e r s  on t h e  
c h a n n e l  a c t  a s  a s o u r c e  of  i n t e r f e r e n c e  t o  e a c h  o t h e r  u s e r  and  t h i s  
i s  removed, to  some e x t e n t ,  by the cr  o s  s -  cor  r  e l  a t i o n  performance  of 
t h e  c o d e s  used .  I n  some c a s e s  m a t c h e d  f i l t e r i n g  may be u s e d  t o  
e x t r a c t  the  w anted  message.  The f i l t e r  i s  matched to  the  s p r e a d i n g  
s e q u e n c e ,  and i t s  a b i l i t y  t o  r e j e c t  t h e  i n t e r f e r e n c e  of  o t h e r  
m essages  i s  d i c t a t e d  by the c o n v o lu t io n  of  the  f i l t e r  w i t h  the  o t h e r  
sequences.  Th is  type of system w i l l  be c o n s id e re d  i n  g r e a t e r  d e t a i l  
i n  a l a t e r  s e c t i o n .
I t  i s  c o n v e n i e n t  t o  a n a l y s e  t h e  a b o v e  t h r e e  t y p e s  o f  
m u l t i p l e x i n g  ^  s tem s  i n  more d e t a i l  by means of o r th o g o n a l  
f u n c t i o n s .  A s y s t e m  f ( i ,  x ) ,  o f  r e a l  and  a l m o s t  e v e r y w h e r e  
non  v a n i s h i n g  f u n c t i o n s  o f  f ( 0 ,  x ) ,  f ( l ,  x ) ,  f ( 2 , x ) ,  . . .  i s
c a l l e d  o r th o g o n a l  i n  t h e  i n t e r v a l  x ^x^,  i f  th e  f o l l o w i n g
c o n d i t i o n s  h o ld  t r u e  [6] . 
r ^ iJ  f( i ,x)f( j ,x)dx = x^ô^ 1 .2
^0
= 1 f o r  i  = j  
= 0 f o r  i  j
t h e  f u n c t i o n s  a r e  c a l l e d  o r th o g o n a l  and n o r m a l i s e d  i f  th e  c o n s t a n t  x^ 
i s  equa l  t o  1.
Cons ider  a m u l t i p l e x i n g  sys tem such as  t h a t  shown i n  F ig u re  1.1 
(a) .  Such  a s y s t e m  c o u l d  be u s e d  f o r  FDM, TDM, o r  CDM s y s t e m s .  One 
channe l  i s  used t o  c a r ry  th e  t h r e e  t r a n s m i t t e d  s i g n a l s  A^z^, AgZg and




















Figure 1.1. General forms of multiplexing systems.
AgZg w h e r e  A^, Ag and Ag a r e  t h e  d a t a  t o  be t r a n s m i t t e d  and  Zg 
and  Zg a r e  t h e  c a r r i e r  s i g n a l s .  I n  t h e  r e c e i v e r  any o f  t h e  d a t a  Aj 
could  be recove re d  a s  f o l l o w s :
Aj = y  Z j ( t )  . [ n ^ ( t )  + ^  A j Z j ( t ) ] d t  1 .3
To r e c o v e r  t h e  d a t a  Â  f o r  e x a m p l e  u s i n g  any fo rm  o f  m u l t i p l e x i n g
shown i n  F i g u r e  1.1 (b, c o r  d) ,  t h e  r e c e i v e d  s i g n a l  i s  m u l t i p l i e d  
by Z^.
= y '  Z ^ ( t ) n ^ ( t ) d t  + y *  A ^ Z ^ ( t ) Z ^ ( t ) d t  +
y A 2Z 2( t )Z ^ ( t )d t  1 .4
By c o n s id e r i n g  the o r thogona l  f u n c t i o n  d e f i n i t i o n ,  e q u a t io n  1.2, 
the  t e rm s
yzi(t)n^(t)dt = 5o “ °
«21 " °
/ A ^ Z g ( t ) Z ^ ( t ) d t  = A j  = 0 1 - 5
y ' A j Z j ( t ) Z j ( t ) d t  = Aj = Aj
. .  a^=ai
In  the  same way, Ag o r  Ag could  be r e c o v e re d  by m u l t i p l y i n g  t h e  
r e c e i v e d  s i g n a l  by Zg and Zg r e s p e c t i v e l y .  I t  w i l l  be shown l a t e r  
t h a t  a s p r e a d - s p r e c t r u m  s y s t e m  u s e s  t h e  o r t h a g o n a l i t y ,  o r  q u a s i ­
o r t h o g o n a l i t y ,  p r o p e r t i e s  o f  c e r t a i n  t y p e s  o f  b i n a r y  s e q u e n c e  t o  
al low s e v e r a l  u s e r s  of a  common channel  t o  be e x t r a c t e d  on the  b a s i s  
o f  e q u a t i o n  1.5.
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1 .3  SPREAIKSPECTROM SYSTEMS
A sp re a d - s p e c t ru m  system i s  one i n  which  a s p r e a d in g  f u n c t i o n  i s  
used t o  expand the  bandwidth  of a d a t a  modula ted  c a r r i e r  so t h a t  the  
t r a n s m i s s i o n  bandwidth i s  much w id e r  th a n  t h e  i n f o r m a t i o n  r a t e  (by 
t y p i c a l l y  x 10^) .  A g e n e r a l  b l o c k  d i a g r a m  o f  a s p r e a d - s p e c t r u m  
t r a n s m i t t e r  and r e c e i v e r  i s  shown i n  F ig u re  1 .2 .  Th is  may be compared 
w i t h  " n a r ro w  band"  t e c h n i q u e s ,  s u c h  a s ,  s i n g l e  s i d e b a n d  m o d u l a t i o n  
(SSB) where th e  bandwidth  of th e  t r a n s m i t t e d  s i g n a l  i s  c l o s e  t o  t h e  
bandwidth of the  i n f o r m a t i o n  to  be sen t  ( a l l o w i n g  f o r  a  smal l  guard  
band ) ,  o r  e v e n  d o u b l e  s i d e b a n d  a m p l i t u d e  m o d u l a t i o n ,  w h e r e  t h e  
t r a n s m i s s i o n  bandwidth  i s  j u s t  tw ic e  the  i n f o r m a t i o n  bandwidth.
In  one form of sp re a d - s p e c t ru m  system,  f o r  example,  d a t a  c locked  
a t  a  r a t e  o f  o n l y  a few k b i t s “ ^ may be e x p a n d e d  t o  a code s t r e a m  
c l o c k e d  a t  50 -  100  M b i t s " ^ ,  w i t h  a c o r r e s p o n d i n g  i n c r e a s e  i n  t h e  
bandwidth.  This  bandwidth  ex p an s io n  i s  w e l l  beyond t h a t  r e q u i r e d  t o  
d e f in e  th e  d i g i t s  i n  a TDM system u s in g  PCM, f o r  example.  I t  i s  t h i s  
bandwidth ex p an s io n  which g iv e s  the  s p r e a d - s p e c t r u m  system s o - c a l l e d  
p ro c e s s  g a i n  f o r  s ig n a l  p r o c e s s i n g  [7 ,8 ] .
Over t h e  l a s t  d e c a d e  s p r e a d - s p e c t r u m  t e c h n i q u e s  have  b e e n  
a p p l i e d  w id e ly  i n  communicat ion ,  n a v i g a t i o n  and t e s t  systems.  They 
h a v e  made p o s s i b l e  a d e q u a t e  o r  i m p r o v e d  c o m m u n i c a t i o n s  u n d e r  
c o n d i t i o n s  w h i c h  w o u ld  n o t  h a v e  b e e n  p o s s i b l e  u s i n g  c o n v e n t i o n a l  
m odu la t ion  schemes because of ex t rem e  n o i s e  o r  jamming i n t e r f e r e n c e .  
In  t e rm s  of  an RF com munica tion  system or n a v i g a t i o n  system, t h e  c o s t  
and com plex ity  of t h i s  h igh  techno logy  o r i e n t a t e d  system h a s  te nded  
to  l i m i t  i t s  use t o  m i l i t a r y  and ae ro s p a c e  a p p l i c a t i o n s ,  where c o s t  
and  c o m p l e x i t y  a r e  t o l e r a t e d  m ore  t h a n  i n  t h e  h i g h l y  c o m p e t i t i v e  
m a r k e t s  o f  low c o s t ,  c o n s u m e r  o r i e n t a t e d  m o b i l e  r a d i o .  The
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a d v a n t a g e s  shown by s p r e a d - s p e c t r u m  m e th o d s  f o r  m i l i t a r y  and 
a e ro s p a c e  a p p l i c a t i o n s  have p r e v io u s ly  caused d e s i g n e r s  to  s t r u g g l e  
w i t h o u t  t h e  a d v a n t a g e  of  h ig h  t e c h n o l o g y  d e v i c e s  a n d / o r  h ig h  
co m p o n en t  d e n s i t y  i n t e g r a t e d  c i r c u i t s .  However ,  a s  s p e c i a l i s t  
i n t e g r a t e d  c i r c u i t s  become a v a i l a b l e ,  t h e s e  p r o b l e m s  o f  c o s t  and 
c o m p l e x i t y  w i l l  be e a s e d  s i g n i f i c a n t l y  and  t h e  a r g u m e n t s  a g a i n s t  
s p r e a d - s p e c t ru m  on the  b a s i s  of com plex i ty  w i l l  no t  n e c e s s a r i l y  hold. 
Many o t h e r  r a d i o  s y s t e m s ,  s u c h  a s  m o b i l e  r a d i o  m i g h t  now p r o f i t  by 
l o o k i n g  a t  s p r e a d - s p e c t r u m  t e c h n i q u e s  [ 9 , 1 2 ]  and  t h e  s p e c i a l  
p r o p e r t i e s  w h ich  th e y  o f f e r .  I t  i s  a l s o  t r u e  t h a t  t h e  t e c h n i q u e s  
e m b o d ie d  i n  v a r i o u s  t y p e s  o f  s p r e a d - s p e c t r u m  s y s t e m s  w i l l  f i n d  
c o n t in u ed  w idesp read  use i n  i n s t r u m e n t a t i o n ,  secu re  d a ta  t r a n s m i s s i o n  
s y s t e m s  and r a d a r  sys tem s  a s  w e l l  as  normal com munica tions  systems.  
I t  i s  l i k e l y  t h a t  a s  new t y p e s  of  n e t w o r k  a r e  d e v e l o p e d  f o r  
c o m m u n i c a t i o n s  s p r e a d - s p e c t r u m  t e c h n i q u e s  may show ad v a n ta g e s  not  
p r e v i o u s l y  c o n s i d e r e d  p o s s i b l e  (e .g .  l o c a l  a r e a  n e t w o r k s  o p e r a t i n g  
w i t h o u t  a c e n t r a l  c o n t r o l l e r  or c e l l u l a r  coverage  schemes f o r  m obi le  
r a d i o  t e l e p h o n e  s y s t e m s )  and  c o n t i n u e d  d e v e l o p m e n t  of  t h e  s p r e a d  
s p e c t r u m  t e c h n o l o g y  s h o u l d  h e l p  t o  s t i m u l a t e  i t s  m ore  w i d e s p r e a d  
a d o p t io n .
In  d e f in i n g  a sp r e a d - s p e c t ru m  system i t  i s  g e n e ra l  to  app ly  th e  
f o l l o w i n g  two c r i t e r i a :
a) The t r a n s m i t t e d  b a n d w i d t h  i s  much g r e a t e r  t h a n  t h e  s i g n a l  
bandwidth or the r a t e  of i n f o r m a t i o n  t r a n s f e r .
b) Some f u n c t i o n ,  o t h e r  than  t h a t  used t o  m odu la te  t h e  s i g n a l  onto 
the  r . f .  c a r r i e r  must be used to  d e t e rm in e  the  r e s u l t i n g  bandwid th  
of  the  t r a n s m i t t e d  s ig n a l .
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Thus ,  w id e b a n d  P.M., w h ich  may be c o n s i d e r e d  t o  be a w id e  band 
t e c h n i q u e ,  c a n n o t  be c o n s i d e r e d  a s  a s p r e a d - s p e c t r u m  t e c h n i q u e  
because  bandwidth s p r e a d in g  i s  ach iev ed  only by th e  m odu la to r ,  no t  by 
a s p r e a d i n g  f u n c t i o n .  S i m i l a r l y ,  TDM s y s t e m s  a r e  i n h e r e n t l y  
broadband,  but  do not  f a l l  i n t o  th e  ca tego ry  of  sp read  spectrum.
The bandwidth expans ion  p roces s  can be c o n s id e re d  a s  a mapping 
p r o c e s s  i n  w h ich  t h e  s p e c t r a l  c o m p o n e n t s  a r e  mapped i n t o  a new 
spec t rum  a l l o c a t i o n  p r i o r  to  t r a n s m i s s i o n .  To r e c e i v e  the o r i g i n a l  
s i g n a l  i t  i s  necessa ry  t o  remap, or d e -sp read ,  t h e  r e c e i v e d  s p r e a d -  
s p e c t r u m  s i g n a l  back  t o  i t s  o r i g i n a l  f o r m  by u s i n g  some i n v e r s e  
s p r e a d i n g  f u n c t i o n  i n  t h e  r e c e i v e r .  I f  th e  s p r e a d - d e s p r e a d  o p e r a t i o n  
i s  l i n e a r ,  a s  i t  o f t e n  i s ,  t h e n  t h e r e  i s  of  c o u r s e  no i n t r i n s i c  
i m p r o v e m e n t  i n  t h e  s i g n a l  t o  n o i s e  r a t i o  when  t h e  o r i g i n a l  
unmodula ted  s ig n a l  of  bandwidth,  Bg, i s  compared w i t h  the  r e c e i v e d  
d e - s p r e a d  s i g n a l  o v e r  t h e  same b a n d w i d t h ,  B^. I n  f a c t  t h e  s p r e a d -  
d e s p r e a d  o p e r a t i o n  w i l l  t e n d  t o  w o r s e n  t h e  s i g n a l  t o  n o i s e  r a t i o  
b e c a u s e  o f  n o i s e  i n  t h e  a m p l i f i e r s  and  m i x e r s .  The a p p a r e n t  
im provement i n  s ig n a l  t o  n o i s e  r a t i o  a r i s e s  when one c o n s i d e r s  the  
s i g n a l  t o  n o i s e  r a t i o  a t  t h e  i n p u t  t o  t h e  r e c e i v e r  w h e r e  t h e  s i g n a l  
power spect rum d e n s i t y  i s  low and the  bandwid th  wide  w i t h  the o u tp u t  
o f  t h e  r e c e i v e r  where t h e  bandwidth of th e  s i g n a l  has  been compressed 
back t o  the o r i g i n a l  s i g n a l  bandwid ths,  Bg.
N e v e r t h e l e s s ,  t h i s  t y p e  o f  a p p r o a c h  c an  e n a b l e  t h e  s p r e a d -  
s p e c t r u m  s y s t e m  t o  be more  t o l e r a n t  o f  c e r t a i n  t y p e s  of  n o i s e  o r  
i n t e r f e r e n c e  which may be p r e s e n t  over  th e  channel .
The de-six’ead o p e r a t i o n  r e q u i r e s  t h a t  c e r t a i n  i n f o r m a t i o n  abou t  
t h e  s p r e a d i n g  f u n c t i o n  m u s t  be known a t  t h e  r e c e i v e r ,  a  p r i o r i ,  i n
J -
o r d e r  t o  d e t e c t  and  d e m o d u l a t e  t h e  s i g n a l  [ 1 3 ] .  T h i s  i n f o r m a t i o n  
i n c l u d e s  :
1. The e x i s t e n c e  of the  s i g n a l  b u r i e d  i n  noise .
2. The c a r r i e r  f requency  of the s i g n a l  be ing  t r a n s m i t t e d .
3. The t y p e  o f  m o d u l a t i o n  ( i . e .  PSK, FSK).
4. The key t o  t h e  s p r e a d i n g  f u n c t i o n  and  t h e  r a t e  o f  t h e  s p r e a d i n g  
f u n c t i o n  code.
5. The m e thod  by w h ich  t h e  d a t a  i s  m o d u l a t e d  by t h e  s p r e a d i n g  
f u n c t i o n  ( i . e .  SIK, f r e q u e n c y  hop p ed  e t c . ) .
6. The r e l a t i v e  phase of th e  s p r e a d in g  f u n c t i o n .
A l t h o u g h  some o f  t h e s e  r e q u i r e m e n t s  a r e  common t o  a l l  
c o m m u n i c a t i o n s  s y s t e m s ,  p o i n t s  4 t o  6 a r e  r e q u i r e m e n t s  s p e c i a l  t o  
s p r e a d - s p r e c t r u m  systems.
The a c t i o n  of  s p r e a d in g  t h e  t r a n s m i s s i o n  bandwidth  of a s i g n a l  
e n a b l e s  t h e  s p r e a d - s p e c t r u m  s y s t e m  t o  h a v e  s e v e r a l  s p e c i a l  
p r o p e r t i e s .  D ep en d in g  upon  how t h e  s p r e a d i n g  f u n c t i o n  i s  u s e d  t o  
modula te  the  da ta  ( i .e .  p o i n t  5. above) d i c t a t e s  what  s o r t  of  s p r e a d -  
s p e c t r u m  s y s t e m  i s  p r o d u c e d .  The f o l l o w i n g  l i s t  o f  s p e c i a l  
p r o p e r t i e s  i s  a c o l l e c t i v e  l i s t ,  and no t  a l l  t y p e s  of s p r e a d - s p e c t ru m  
system w i l l  have a l l  t h e s e  p r o p e r t i e s .
1. I n t e r f e r e n c e  r e j e c t i o n  and a n t i - j a m m i n g  c a p a b i l i t y .
2. Low d e n s i t y  power spec trum f o r  s i g n a l  h id i n g  i n  no ise .
3. Message s c r e e n i n g  from eavesdroppers .
4. High r e s o l u t i o n  rang ing.
5. Code d i v i s i o n  m u l t i p l e x i n g  f o r  m u l t i p l e  acc e s s .
6. S e l e c t i v e  a d d r e s s in g  c a p a b i l i t y .
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7, R e s i s t a n c e  to  co-channel  i n t e r f e r e n c e .
8. Some r e s i s t a n c e  t o  f r e q u e n c y  s e l e c t i v e  f a d i n g  and  m u l t i p a t h
f a d in g .
These p r o p e r t i e s  a r i s e  a s  a  r e s u l t  of  t h e  coded s i g n a l  f o rm a t  i n  
the s p r e a d in g  process .  Of ten,  a t t e m p t i n g  to  ach ie v e  one of the  above 
p r o p e r t i e s  o c c u r s  a t  t h e  e x p e n s e  o f  one o r  m ore  o f  t h e  o t h e r s ,  e v e n  
though they may in v o lv e  s i m i l a r  s o r t s  of  s i g n a l  p r o c e s s in g  o p e r a t i o n .  
For example,  a sys tem des igned  t o  e x t r a c t  a s i g n a l  which i s  b u r i e d  or  
h i d d e n  i n  l a r g e  d e n s i t i e s  o f  w h i t e  n o i s e  may n o t  w o r k  v e r y  
e f f i c i e n t l y  when t h e  s i g n a l  i s  be ing  jammed w i t h  CW i n t e r f e r e n c e  -  
and v i c e  v e r s a .
The a b i l i t y  o f  a s p r e a d - s p r e c t r u m  s y s t e m  t o  e x t r a c t  a s i g n a l  
f r o m  n o i s e  i s  a n  e x c e l l e n t  i l l u s t r a t i o n  o f  S h a n n o n ’s F i r s t  Law 
e x p re s s e d  i n  t h e  form of channel  c a p a c i t y  [14] .
C = W lo g g  (1 + S/N) 1.6
w h e r e  C = i n f o r m a t i o n  c a p a c i t y  a s  a n  e q u i v a l e n t  n u m b e r  o f  
d i g i t s / s e c o n d s
W = bandwidth (Hz)
N = w h i te  no ise  power i n  t h e  channe l  ( w a t t s )
S = average  s i g n a l  power ( w a t t s ) .
The e q u a t i o n  gives t h e  r e l a t i o n s h i p  be tween  t h e  a b i l i t y  of  a  channel  
t o  t r a n s f e r  e r r o r - f r e e  i n f o r m a t i o n ,  compared w i t h  the  s i g n a l  t o  n o i s e  
r a t i o ,  S/N, i n  t h e  channel  and t h e  bandwidth  needed t o  t r a n s m i t  t h e  
i n f o r m a t i o n
or  -  ̂ = 1.44 logg (1 + S/N) 1.7
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When work ing  under no isy  c o n d i t i o n s ,  such t h a t  S/N <<1 then  lo g^  (1 + 
S/N) % S/N 
and [9]
C/W % l.kk S/N 1.8
I t  can be seen,  t h e r e f o r e ,  t h a t  f o r  any s ig n a l  to  n o i s e  r a t i o  i n  the  
c h a n n e l  f o r  S/N << 1 one can  t r a n s m i t  e r r o r  f r e e  i n f o r m a t i o n  by 
i n c r e a s i n g  the t r a n s m i s s i o n  bandwidth,  p r o  r a t a .  Thus two ch an n e ls  
h a v i n g  t h e  same v a l u e  o f  C h a v e  t h e  same c a p a c i t y  f o r  t r a n s m i t t i n g  
i n f o r m a t i o n  even though th e  q u a n t i t i e s  W, S and N may be d i f f e r e n t .  
Thus ,  v e r y  c r u d e l y  e x p r e s s e d .  S h a n n o n ' s  Law s t a t e s  t h a t  one can  
a c c o m m o d a te  n o i s e  i n  t h e  c h a n n e l  by t r a d i n g  i t  o f f  w i t h  t h e  r a t i o  
be tween  t h e  r e q u i r e d  i n f o r m a t i o n  r a t e  and t h e  t r a n s m i s s i o n  bandwidth.  
T h i s  l a w  i s  f u n d a m e n t a l  t o  a l l  t h e  s p r e a d - s p e c t r u m  s c h e m e s  and  
i n t r o d u c e s ,  q u i t e  g e n e r a l l y  the  concep t  of  the  " p ro ces s  gain".
G e n e ra l ly ,  a s p r e a d - s p e c t ru m  system deve lops  i t s  p ro ces s  ga in  by 
i n c r e a s i n g  t h e  t r a n s m i s s i o n  bandwidth.  The s p re a d - s p e c t ru m  te chn ique  
w i l l  o n l y  ' r e m o v e '  n o i s e  i n t r o d u c e d  i n  t h e  c h a n n e l ,  a s  s p e c i f i e d  i n  
e q u a t i o n  1 .8 ,  and a s  e x p l a i n e d  e a r l i e r  o c c u r s  b e c a u s e  o f  t h e  
d i f f e r e n c e  i n  bandwidth over  which the  w h i t e  n o i s e  i s  measured.
1.3-1 Tÿpes o f Spread-Spectrum Systems
There a r e  s e v e r a l  b a s i c  methods  of s p r e a d i n g  the baseband s i g n a l  
bandwidth  [15-18].
a)  D i r e c t  Sequence Systems
In  t h i s  t e chn ique  th e  d a t a  to  be t r a n s m i t t e d  i s  f i r s t  modulated  
o n to  a d i g i t a l  code sequence whose b i t  r a t e  i s  much h ig h e r  than  the  
d a t a  r a t e .  T h i s  e x p a n d s  t h e  b a n d w i d t h  o f  t h e  s i g n a l .  The code
-  1 6 -
m o d u l a t e d  d a t a  can  t h e n  be u s e d  t o  m o d u l a t e  t h e  r . f .  c a r r i e r  s i g n a l  
u s i n g  any o f  t h e  c o n v e n t i o n a l  t e c h n i q u e s  su c h  a s  am, fm o r  p h a s e  
m o d u l a t i o n .  O f t e n ,  b i p h a s e  p h a s e  s h i f t  k e y i n g  i s  u s e d  t o  p r o d u c e  
d o u b l e  s i d e b a n d  s u p p r e s s e d  c a r r i e r  t r a n s m i s s i o n .  The d a t a  may be 
a n a l o g u e  o r  d i g i t a l ,  and m o d u l a t i o n  by t h e  h i g h  s p e e d  s e q u e n c e  i s  
g e n e r a l l y  v i a  a m u l t i p l i e r  ( d . s . b . s . c .  m o d u l a t i o n )  o r  i n  t h e  c a s e  of  
d i g i t a l  d a t a  modulo-2 a d d i t i o n  i n  an  EX-OR g a te ,  as  shown i n  F ig u re  
1 .3 .
b) F requency Hopping
The d a t a  i s  modula ted  on to  a c a r r i e r  f requency  whose f requency  
v a r i e s  w i t h  t im e  i n  d i s c r e t e  jumps.  The f req u en cy  i s  c o n t r o l l e d  by 
t h e  va lu e  of  th e  n ' t u p l e  word produced by a sequence g e n e ra to r .  The 
o r d e r  o f  f r e q u e n c y  ju m p s  i s  s e t  by t h e  code  s e q u e n c e s .  The 
t r a n s m i s s i o n  b a n d w i d t h  i s  a l s o  d i c t a t e d  by t h e  s e q u e n c e  and  t h e  
f req u en cy  s y n t h e s i s e r ,  a l though  t h e  a c t u a l  a m oun t  o f  t h e  b a n d w i d t h  
used  a t  each f requency  i s  a lw ays  t h e  d a t a  bandwidth,  which i s  a smsdl  
f r a c t i o n  of the  bounds of  the band.
c) Time Hopping
In  t h i s  system the  s p r e a d in g  sequence may be used  t o  c o n t r o l  t h e  
d u r a t i o n  of  the  t r a n s m is s i o n .  The t r a n s m i t t e r  o u t p u t  i s  keyed on and 
o f f  a t  a t im e  d e t e rm in e d  by th e  sequence. G en e ra l ly ,  t h e  t r a n s m i t t e r  
i s  s w i t c h e d  on f o r  a much s h o r t e r  p e r i o d  t h a n  i t  i s  o f f .  T h i s ,  
t o g e t h e r  w i th  th e  randomness w i t h  which th e  t r a n s m i t t e r  i s  keyed o n ,  
i s  a  u s e f u l  t e c h n i q u e  f o r  r e d u c i n g  t h e  d e t e c t a b i l i t y  o f  a 
t r a n s m i s s i o n  ( i . e .  m e ssage  h i d i n g )  s o  t h a t  d i r e c t i o n  f i n d i n g  
e q u i p m e n t  i s  l e s s  e f f e c t i v e  i n  l o c a t i n g  t h e  t r a n s m i t t e r .





A B C A B C
0 0 0 1 1 1
0 1 1 1 -1 -1
1 0 1 -1 1 -1
1 1 0 -1 -1 1
Figure 1.3. Comparison of EX-OR gate and 
multiplier's operation
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S y n c h r o n i s a t io n  of  th e  r e c e i v e r ,  so t h a t  i t  i s  only  s w i t c h e d  on when 
the s i g n a l  i s  t r a n s m i t t e d ,  i s  p a r t i c u l a r l y  im p o r t a n t ,  and t h i s  i s  the 
method by which no ise  r e d u c t i o n  i s  achieved .
d) C h irp  o r  P u lsed  fm
This  i s  a pu lse  com press ion  te c h n iq u e  i n  which t h e  f r eq u en cy  of 
the c a r r i e r  i s  swept over  q u i t e  a w ide  range d u r in g  the  d u r a t i o n  of 
th e  pulse .  Chirp sy s tem s  a r e  u s e fu l  f o r  r e c o v e r i n g  p u l s e  i n f o r m a t i o n  
from n o i s e ,  however, they a r e  n o t  code a d d r e s s a b l e  i n  t h e i r  s i m p l e s t  
fo rm s  and a r e  not  u s u a l l y  found i n  m u l t i  p i e - a c c e s s  s p r e a d - s p e c t ru m  
systems.
C o m b i n a t i o n s  o f  tw o  o r  m ore  o f  t h e s e  b a s i c  s p r e a d - s p e c t r u m  
m odu la t ion  t e c h n iq u e s  may a l s o  be used  t o  form h y b r id  sy s tem s  [19-  
2 1 ] .  For e x a m p le ,  t h e  c o m b i n a t i o n  o f  f r e q u e n c y  ho p p ed  a n d  t i m e  
hopped  s y s t e m s  f o r m s  t h e  b a s i s  o f  a t i m e  h o p p e d  m u l t i p l e  a c c e s s  
system.
I n  t h e  f o l l o w i n g  s e c t i o n s  o f  t h i s  c h a p t e r  t h e  r e c e p t i o n  and  
d e m o d u l a t i o n  of  d a t a  s p r e a d  u s i n g  d i r e c t - s e q u e n c e  a n d  f r e q u e n c y  
hopped te c h n iq u e s  w i l l  be c o n s id e re d  f u r t h e r .
1.4 PRINCIPLES OF OPERATION OF SPREAD-SPECTRUM SYSTEMS
1.4.1 D ire c t  Sequence S ystem s
I n  t h i s  s e c t i o n  t h e  o p e r a t i n g  p r i n c i p l e s  o f  s p r e a d - s p e c t r u m  
sys tems  a r e  c o n s id e re d  i n  g r e a t e r  dep th ,  i n  p a r t i c u l a r  the  a b i l i t y  of  
t h e  s p r e a d - s p e c t r u m  r e c e i v e r  t o  r e j e c t  i n t e r f e r e n c e .  F i g u r e  1.4 
shows a s i m p l i f i e d  b lock  diagram of a d i r e c t  sequence s p r e a d - s p e c t r u m  
s y s t e m .  The s o u r c e  o f  i n f o r m a t i o n  i s  a s s u m e d  t o  be d i g i t a l .  The 
purpose of t h i s  0 i a s e - s h i f t - k e y i n g  (psk) m od u la to r  i s  t o  m odu la te  th e
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Figure 1.4(a). Block diagram of direct sequence
system and its waveforms.
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d a t a  o n t o  t h e  r . f ,  c a r r i e r .  I f  t h e  d a t a  c h a n g e s  f ro m  a 0 t o  a 1 t h e  
e f f e c t  i s  to  change the phase of the c a r r i e r  by 180° f o r  the d u r a t i o n  
o f  t h e  d a t a  b i t .  A l th o u g h  n o t  t h e  o n ly  m e thod  o f  m o d u l a t i n g  d a t a  
on to  the  c a r r i e r ,  i t  i s  a common and c o n v en ien t  method which  p r o v id e s  
double s ideband  supp res sed  c a r r i e r  m odula t ion .
The p h a s e  m o d u l a t e d  c a r r i e r  i s  t h e n  p a s s e d  t o  a s e c o n d  p s k  
m o d u l a t o r ,  w h e re  i t  i s  m o d u l a t e d  by a h i g h  s p e e d  p s e u d o - n o i s e  code  
whose b i t  r a t e  i s  much h ig h e r  than  the  i n f o r m a t i o n  r a t e .  The purpose  
o f  t h i s  m o d u l a t o r  i s  t o  s p r e a d  t h e  m o d u l a t e d  c a r r i e r  s i g n a l  e n e r g y  
o v e r  a v e r y  much w i d e r  b a n d w i d t h .  Most of  t h e  s i g n a l  p o w er  i s  
c o n f i n e d  t o  a b a n d w id t h  r o u g h l y  e q u a l  t o  t w i c e  t h e  b i t  r a t e  o f  t h e  
p s e u d o - n o i s e  code,  and  a t  t h e  same t i m e  t h e  peak  p o w e r - s p e c t r a l  
d e n s i t y  i s  c o n s id e ra b ly  reduced  by sp read ing .  The p s eu d o -n o is e  code 
used  f o r  the s p r e a d in g  f u n c t i o n  i s  g e n e r a l l y  a b in a ry  sequence ,  the  
c h o i c e  b e i n g  made on t h e  b a s i s  o f  t h e  a u t o  and  c r o s s - c o r r e l a t i o n  
per formance  of the codes.
An a l t e r n a t i v e  form of d i r e c t  sequence s p r e a d - s p e c t ru m  system i s  
i l l u s t r a t e d  i n  F igure  1.5. Here s i g n a l  s p r e a d i n g  t a k e s  p lace  a t  base 
band. In  t h e  case of d i g i t a l  s i g n a l s  t h e  m odu la to r  may be r e p l a c e d  
by an E x c lu s iv e  OR ga te .
1 .4 .1 .1  F re q u e n c y  S p e c tru m  o f  a  D i r e c t  S e q u e n c e  S y s tem
I t  i s  i n s t r u c t i v e ,  a t  t h i s  s t a g e  to  c o n s id e r  the  spec t rum of the  
t r a n s m i t t e d  s i g n a l .  The pow er  s p e c t r u m ,  a s s u m i n g  b i - p h a s e  s h i f t  
k e y i n g  of  th e  s e q u e n c e  o n t o  t h e  r . f .  c a r r i e r ,  can be f o u n d  by 
c o n s i d e r i n g  t h e  b a s e b a n d  s p e c t r u m  o f  t h e  s p r e a d i n g  f u n c t i o n .  The 
power  s p e c t r u m  of t h e  s p r e a d i n g  f u n c t i o n  can  be f o u n d  by u t i l i s i n g  
t h e  Wiener -Khin tch ine  r e l a t i o n s h i p s :
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J '  S ( w )  dw
S ( w )  = J  Y(%) dT 1 - 9
From t h e s e  F o u r i e r  t r a n s f o r m s  i t  i s  s e e n  t h a t  t h e  pow er  s p e c t r u m ,  
S(co) i s  s im ply  the  F o u r i e r  t r a n s f o r m  of t h e  a u t o c o r r e l a t i o n  f u n c t i o n  
Y(%). The power  s p e c t r u m  i s  v e r y  s t r o n g l y  d e p e n d e n t  upon ' l ' (T) ,  and  
t h i s  i s  d e t e r m i n e d  by t h e  s t r u c t u r e  o f  t h e  s p r e a d i n g  f u n c t i o n .  An 
i d e a l i s e d  s p r e a d in g  f u n c t i o n ,  w h i c h  can be c l o s e l y  a p p r o x i m a t e d  i n  
p r a c t i c e ,  i s  a random b in a ry  sequence.
The a u t o c o r r e l a t i o n  f u n c t i o n  i s  d e f in e d  a s :
f ( t ) f ( t - T ) d t  1 .1 0
For t h e  c a s e  of  random s e q u e n c e  t h e  a u t o c o r r e l a t i o n  h a s  t h e  f o r m  
shown i n  F ig u re  1.6. I t  h a s  a t r i a n g u l a r  f u n c t i o n  ove r  t h e  range  of
del  ay -  A< t <  A
where A i s  th e  ch ip  w id th  = l / f ^  
and 0 e lsewhere .
As a c o n s e q u e n c e  t h e  pow er  s p e c t r u m  c an  be e a s i l y  c a l c u l a t e d  
from the  f o u r i e r  t r an s fo rm .
4 » ( t )  = 1 + t/A for - A < t < 0  
Y(r) = 1 - t/A for 0 <t< A
and t h e  power spectrum i s :
r  /
S ( w )  = j[\ + dT + / ( I -  d T  1 . 1 1
-A 0
-  2 3 -
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Figure 1.6. Auto-correlation function and power spectral
density of binary code. a) maximal length 
sequence, b)‘ auto-correlation function, 
c) power spectral density.
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The double  aide spectrum i s  th u s





For t h e  c a s e  o f  bpsk  r f  c a r r i e r  m o d u l a t i o n  t h e  s p e c t r u m  i s  a l s o  
double  s id e d  and s h i f t e d  by t h e  c a r r i e r  f requency  +
F ig u re  1.6 s k e t c h e s  th e  i d e a l  spec t rum of the  t r a n s m i t t e d  
s i g n a l .  The d o u b l e  s i d e d  s p e c t r u m  o f  t h e  m a in  l o b e  
e x t e n d s  o v e r  + 1/A = ±. f ^  Hz an d  h a s  n u l l s  a t  + n f g ,  w h e r e  n = 1,
2, 3f •••
A random s i g n a l  i s  n o t  t r u l y  r e p r e s e n t a t i v e  o f  t h e  t y p e  o f  
s i g n a l  u s e d  i n  a s p r e a d  s p e c t r u m  s y s t e m  and  some o f  t h e  i m p o r t a n t  
d e t a i l  i s  l o s t .
An i m p o r t a n t  type of s p r e a d in g  f u n c t i o n ,  which i s  d i s c u s s e d  i n  
S e c t i o n  1.3 i s  a pseudo-random maximal l e n g t h  sequence ,  and t h i s  w i l l  
be c o n s i d e r e d  a s  a  t y p i c a l  s p r e a d i n g  f u n c t i o n .  T h i s  i s  a  p e r i o d i c  
s e q u e n c e  o f  l e n g t h  L code  e p o c h s  b e f o r e  t h e  s e q u e n c e  r e p e a t s .  The 
a u t o c o r r e l a t i o n  f u n c t i o n  o f  t h i s  type  of  sequence has  been found t o  
be of the  type shown i n  F ig u re  1.6. This  may be e x p r e s s e d  a s :
Y(T) = L - for 0 <|t)<A 1*13
i|;(t ) = -1 f o r  A<|t| 1 .14
Since the  a u t o c o r r e l a t i o n  f u n c t i o n  i s  p e r i o d i c  w i t h  p e r io d  T=LA th e  
F o u r i e r  t r a n s f o r m  must  be r e p l a c e d  by t h e  F o u r i e r  s e r i e s  form of the  
W iener -K h in tch ine  r e l a t i o n s h i p ,  i . e . :
-  2 5 -
S ( w )  = w ^ T )  + Sin ( h o j ^ t )  1.15
where
T-A




3î  = J  Y(T) Cos (n T ) d T  1 .1 7
- A
T- A
bn = y *  V(T) Sin (n w^T)d% i.lg
- A
and w = -  =I  = i _
o  T  L A
The power spec trum i s  now found t o  be a l i n e  spec trum wih a s p a c in g  
between s p e c t r a l  l i n e s  o f  1 / 2 ttT Hz  and enve lope
S ( w )  = 1  + X
n=l (nir/L)
This  has  t h e  envelope of t h e  random s i g n a l  g iv e n  e a r l i e r  but  t h e r e  i s  
a l s o  a dc te rm of v a l u e  1/L due t o  th e  f i n i t e  c o r r e l a t i o n  f o r :
1 t| > A
The r e s u l t i n g  s p e c t r u m  i s  shown i n  F i g u r e  1.7 f o r  a  s e q u e n c e  o f  
l e n g t h  L = 15 b i t s .
The spectrum of th e  i d e a l  s p re a d - s p e c t ru m  system th u s  e x t e n d s  t o  
+ 0°. C le a r ly  t h i s  i s  u n d e s i r a b l e .  However, i t  i s  i n t e r e s t i n g  t o  n o te
-  2 6  -
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Figure 1.7. Two sided power spectral distribution for a
15 bit length sequence code. The code clock
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t h a t  most of the  power i s  c o n ta in e d  i n  t h e  main lobe .  I t  i s  usual  to  
f i l t e r  the sp read  spec trum s ig n a l  p r i o r  t o  t r a n s m i s s i o n  t o  m in im ise  
s p e c t r a l  p o l l u t i o n .  F ig u re  1.8 shows t h e  p e rce n tag e  power c o n ta in ed  
i n  t h e  t r a n s m i t t e d  s i g n a l  a s  a f u n c t i o n  o f  t h e  t r a n s m i s s i o n  
bandwidth.  I t  i s  c l e a r  from t h i s  graph,  t h a t  f o r  a maximal sequence 
over  9 0 % of the  t o t a l  power i s  c o n ta in e d  i n  the  main  lobe .  F i l t e r i n g  
to  t h e  main lobe  causes  some d i s t o r t i o n  o f  the  s i g n a l ,  but  i n  t e rm s  
of power l o s s  the d i s t o r t i o n  caused i s  more tha n  w o r th w h i le .
The s p e c t r u m  of  o t h e r  s p r e a d i n g  f u n c t i o n s  w i l l  be g i v e n  i n  
S e c t i o n  1 .4 .1 .1 .
1.4.2 D irect Sequence Receiver
At t h e  r e c e i v e r ,  t h e  r e c e i v e d  s i g n a l  c o n s i s t s  o f  t h e  d e s i r e d  
t r a n s m i t t e d  s ig n a l ,  i n t e r f e r e n c e  s i g n a l s  from o t h e r  man made sou rces ,  
s u c h  a s  c o - c h a n n e l  i n t e r f e r e n c e  a n d  " o t h e r - u s e r "  n o i s e  a n d  
a t m o s p h e r i c  n o i s e .  The w a n t e d  s i g n a l  i s  e x t r a c t e d  f r o m  t h e  n o i s e  
u s i n g  one of  t h e  t h r e e  s i m i l a r  t e c h n i q u e s ,  nam ely  : i )  a c t i v e
c o r r e l a t i o n ,  i i )  conv o lu t io n ,  and i i i )  matched  f i l t e r i n g .  All t h r e e  
t e c h n i q u e s  a r e  a n a l o g o u s  and  g i v e  s i m i l a r  t h e o r e t i c a l  per formance .  
However, c o s t  and v e r s a t i l i t y  a r e  the  main d e c i d i n g  f e a t u r e s .  A c t iv e  
c o r r e l a t i o n ,  w h ich  u s e s  a l o c a l l y  g e n e r a t e d  r e p l i c a  s e q u e n c e  i s  
i n h e r e n t l y  a d d re s s a b l e ,  s imply  by changing  th e  l o c a l  code, and very  
e a s y  t o  i m p l e m e n t ,  e x c e p t  t h a t  i t  r e q u i r e s  c o m p l e x  p h a s e  
s y n c h r o n i s a t i o n  i n  the  r e c e i v e r .  Th is  t e c h n i q u e  w i l l  be c o n s id e re d  
f i r s t .
I n  a l l  t h e  m e th o d s  i t  i s  a s s u m e d  t h a t  t h e  r e c e i v e d  s i g n a l  h a s  
been  t r a n s l a t e d  t o  an  a p p r o p r i a t e  I F  f r e q u e n c y  o r  i s  a b a s e b a n d  
model .
-  2
1 .4 .2 .1  A c tiv e  C orrelation
Assume t h a t  a l l  p r o c e s s in g  o c c u r s  a t  b a s e b a n d . I f  th e  t r a n s m i t t e d  
s e q u e n c e  i s  r e p r e s e n t e d  by and  t h e  i n p u t  t o  t h e  r e c e i v e r
c o r r e l a t i o n  and t h e  r e p l i c a  s e q u e n c e  i s  S g C t ), t h e  o u t p u t  f ro m  an 
a c t i v e  c o r r e l a t o r  i s :
i ' ( T)  = y * S ^ ( t )  S ^ ( t : - T ) d t :  i . i g
I f  t h e  two s e q u e n c e s  a r e  f r e q u e n c y  l o c k e d  and  S2 ( t ) i s  a t r u e  
r e p l i c a  of S^( t)  e q u a t i o n  1.19 i s  s im ply  an a u t o c o r r e l a t i o n  f u n c t i o n  
of the  s p r e a d in g  f u n c t i o n  w i t h  t  be ing  the  t ime de lay  between two 
sequences.  The lo n g  te rm i n t e g r a t i o n  i s  o f t e n  app rox im ated  by a low 
pass  f i l t e r ,  or  an i n t e g r a t e  and dump f i l t e r  which g i v e s  m a r g i n a l l y  
improved performance .  F ig u re  1.9 shows a b lock  diagram of a  d i r e c t -  
seq uence r e c e i v e r  u s i n g  a c t i v e  c o r r e l a t i o n .  Low p a s s  f i l t e r i n g  i s  
u s e d  t o  a c h i e v e  t h e  c o r r e l a t i o n  w h e r e  t h e  d a t a  i s  a s y n c h r o n o u s l y  
modula ted  on to  the s p r e a d in g  sequence,  and the  bandwidth  i s  s e t  to  be 
e q u a l  t o  t h e  b a n d w i d t h  o f  t h e  o r i g i n a l  d a t a .  C l e a r l y ,  t o  o p t i m i s e  
the c o r r e l a t i o n  per formance  the d a t a  r a t e  must be much lo w e r  than  the  
c h i p  r a t e  of  t h e  PN s e q u e n c e .  I f  t h e  d a t a  i s  s y n c h r o n o u s l y
m o d u l a t e d  o n t o  t h e  PN s e q u e n c e ,  s u c h  t h a t  one d a t a  b i t  l a s t s  f o r
p r e c i s e l y  an e n t i r e  code  s e q u e n c e ,  i n t e g r a t e  and  dump f i l t e r i n g  i s  
used. The i n t e g r a t e  and dump p e r io d s  a r e  s ynch ron ised  t o  the  s t a r t  
and f i n i s h  of the  PN sequence.
For  op timum o u t p u t  t h e  r e l a t i v e  d e l a y  b e t w e e n  S ^ f t )  an d  S^Ct)
must be c lo se  t o  0. The a c t i o n  of  the  c o r r e l a t o r  may a l s o  be viewed
a s  a synchronous  demodulator ,  i n  which a l l  th e  f r equency  components
A cos  t
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Figure 1.9(a). A practical spread spectrum system using
direct code modulation.
Sĵ (t) = A Cos (w^t + an) a = 0 or 1
S^(t) = A Cos (ûĵ t + a-iï + Nii ) , N = 0 or 1
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of th e  r e c e i v e d  s ig n a l  a r e  t r a n s l a t e d  back by the  s p e c t r a l  components 
i n  th e  r e p l i c a  sequence to  r e v e a l  the d a ta  m o d u la t ion  on the  r e c e i v e d  
s i g n a l .
N o is e  and  i n t e r f e r e n c e  f rom  o t h e r  u s e r s  w i t h  d i f f e r e n t  PN 
sequences  a r e  r e j e c t e d  by the c o r r e l a t o r  t o  a degree  g iven  by t h e i r  
c o r r e l a t i o n  w i th  the  r e p l i c a  sequence.  Whi te no ise ,  f o r  example i s  
n o t  s t r o n g l y  c o r r e l a t e d  w i t h  t h e  r e p l i c a  s e q u e n c e ,  an d  t h e  n o i s e  
o u t p u t  f ro m  t h e  c o r r e l a t o r  i s  d e t e r m i n e d  by t h e  low p a s s  f i l t e r  
bandwidth,  or  the pe r io d  of i n t e g r a t i o n  i n  the case of th e  i n t e g r a t e  
and  dump f i l t e r  [ 2 2 ] .  C.W. n a r ro w  band i n t e r f e r e n c e ,  h o w e v e r ,  d o e s  
h a v e  a m e a s u r e  o f  c o r r e l a t i o n  and  t h e  o u t p u t  f r o m  t h e  m i x e r  o f  t h e  
c o r r e l a t o r  i s  a s i g n a l  w i th  a power spec trum
0 n CO t  
Sin ( - 2^ )
n w t  ,
Only a sm a l l  pe rcen tage  of t h i s  wide band s ig n a l  p a s s e s  t h r o u ^  th e  
p o s t  c o r r e l a t i o n  f i l t e r ,  and t h u s  some m e a s u r e  of  i n t e r f e r e n c e  
r e j e c t i o n  i s  ob ta ined .  C le a r ly ,  the so c a l l e d  " p rocess  g a in"  of  the  
system must  be dependent  upon t h e  type of  i n t e r f e r e n c e  s i g n a l .  I t  i s  
a l s o  c l e a r  t h a t  t h e  g r e a t e r  t h e  d i f f e r e n c e  b e t w e e n  t h e  b i t  r a t e ,  R, 
o f  t h e  PN s e q u e n c e  and  t h e  i n f o r m a t i o n  r a t e ,  r ,  t h e  g r e a t e r  t h e  
r e d u c t i o n  o f  t h e  e f f e c t  o f  t h e  i n t e r f e r e n c e  on  t h e  w a n t e d  s i g n a l .  
T h e r e  i s ,  how eve r ,  an op t im um  b i t  r a t e  f o r  t h e  PN s e q u e n c e ,  u n d e r  
s p e c i f i c  t y p e s  of  i n t e r f e r e n c e ,  f o r  w h i c h  f u r t h e r  i n c r e a s e s  do n o t  
r e s u l t  i n  f u r t h e r  im provements  i n  o u tp u t  SNR, and because  t h e  i n p u t  
bandwidth  i s  being i n c r e a s e d  a c t u a l l y  makes i t  more s u s c e p t i b l e  t o  
w h i t e  no ise  i n t e r f e r e n c e .
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1.4.2.2 P a s s i v e  C o r r e l a t i o n  -  Hatched F i l t e r i n g  and C onvo lu t ion
The conv o lu t io n ,  y ( t )  between two s i g n a l s  f ( t )  and g ( t )  i s  g iven
by :
y ( t )  = f ( t ) * g ( t )  =  f ( t ) . g ( t - T ) d T
1 . 2 0
T h i s  h a s  a b r o a d l y  s i m i l a r  ty p e  o f  f u n c t i o n  t o  t h e  c o r r e l a t i o n  
f u n c t i o n  d i s c u s s e d  e a r l i e r .
To a c h i e v e  a n a l o g o u s  o p e r a t i o n  t o  t h e  c o r r e l a t o r  gCt-x) 
i s  r e p l a c e d  by f ( t - T ) .  T h i s  i s  n o t  a  r e p l i c a  s e q u e n c e  b u t  a t i m e  
r e v e r s e d  sequence.
The a c t i o n  o f  a m a t c h e d  f i l t e r  i s  v e r y  s i m i l a r .  I f  y ( t )  i s  t h e  
o u t p u t  o f  t h e  f i l t e r  o f  i m p u l s e  r e s p o n s e  h ( t )  s u b j e c t  t o  a n  i n p u t  
f ( t )  t h e n :  ^
y ( t )  = f ( t ) * h ( t )  =  f f ( T ) h ( t - T ) d T  1 .21
To a c h i e v e  i d e n t i c a l  b e h a v i o u r  t o  t h e  c o n v o l v e r  o r  c o r r e l a t o r  t h e  
t r a n s f e r  f u n c t i o n s  of  t h e  f i l t e r  must  be matched t o  t h e  i n p u t  s i g n a l  
f ( t ) .  To do t h i s  i t  i s  n e c e s s a r y  t o  d e s i g n  a f i l t e r  w h i c h  h a s  a n  
im pu lse  r e sponse  which i s  i d e n t i c a l  to  t h e  t i m e  r e v e r s e d  s i g n a l .  In 
t h i s  case  e q u a t io n  1.20 and e q u a t io n  1.21 become i d e n t i c a l .
Note t h a t  th e  convo lve r  or  f i l t e r  e q u a t i o n s  r e q u i r e  i n t e g r a t i o n  
w i t h  r e s p e c t  t o  t h e  t i m e  d e l a y  v a r i a b l e ,  t ,  r a t h e r  t h a n  t h e  t i m e  
v a r i a b l e ,  t.  This  r e q u i r e s  s p e c i a l  ha rdw are  im p le m e n ta t io n s .
Two d e v i c e s  w h ic h  h a v e  been  u s e d  f o r  c o n v o l u t i o n  a n d  m a t c h e d  
f i l t e r i n g  o p e r a t i o n s  i n  s p r e a d - s p e c t r u m  r e c e i v e r s  a r e  s u r f a c e  
a c o u s t i c  wave dev ices  (SAW) and charge coupled  d e v ic e s  (CCDs).
F i g u r e  1 .10  show s  an  SAW c o n v o l v e r .  The SAW d e v i c e  u s e s
-  33 -
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Figure 1.10. Real-time analog convolver using 
non-linear wave interaction [23]
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Rayle igh  wave p ro p a g a t io n  on a c r y s t a l  of l i t h i u m  n io b a t e  (LiNbOg) or  
q u a r t z .  B o th  t h e s e  m a t e r i a l s  a r e  s t r o n g l y  p i e z o  e l e c t r i c  and  non 
l i n e a r .  Two s u r f a c e  a c o u s t i c  w a v e s  f ( t )  an d  g ( t )  a r e  l a u n c h e d  i n t o  
e a c h  end o f  t h e  SAW d e v i c e .  M ix in g  o f  t h e  a c o u s t i c  wave s i g n a l s  
o c c u r s  ove r  the  l e n g th  of the  device  because of th e  n o n - l i n e a r i t y  and 
a n  e l e c t r i c a l  s i g n a l  p r o d u c e d  f rom  t h e  p i e z o - e l e c t r i c a l  e f f e c t  i s  
developed  on an e l e c t r o d e .  The l e n g t h  of the  e l e c t r o d e  e f f e c t i v e l y  
d e t e r m in e s  the i n t e g r a t i o n  l i m i t s .
The ou tpu t  of  th e  convolver  i s  found t o  be [23].
L/2
y ( t )  = k y  f ( t - x / v )  . g ( t + x / v ) d x
- L / 2  1 .22
Here  t i m e  d e l a y  % i s  r e p l a c e d  by t h e  t i m e  d e l a y  of  t h e  t r a v e l l i n g  
s u r f a c e  a c o u s t i c  wave x=x/v  where v i s  t h e  wave v e l o c i t y ,  
p u t t i n g  T= [ t  -  x /v ]
and —  = _v 
dT
t - L / 2 v
g iv e s  y ( t )  = - k . v  J  f ( t )  . g ( 2 t - T ) d T
t + L / 2 v
i . e .  i d e n t i c a l  i n  f o rm  t o  t h e  c o n v o l u t i o n  o f  e q u a t i o n  1 .19 .  T h i s  
t y p e  o f  d e v i c e  i s  i n h e r e n t l y  p r o g r a m m a b l e  t o  any t y p e  o f  b i n a r y  
sequence,  and i s  th u s  ve ry  u s e f u l  i n  m u l t i p l e  a c c e s s  sys tems .
I t  i s  a l s o  p o s s i b l e  t o  u s e  SAW d e v i c e s  a s  a m a t c h e d  f i l t e r  
s t r u c t u r e  [ 2 4 ] .  U n f o r t u n a t e l y ,  t h i s  t y p e  of  d e v i c e  i s  n o t  e a s i l y  
f a b r i c a t e d  to  be a programmable f i l t e r  and so i t  i s  used  i n  s p e c i a l  
s i n g l e  u s e r  a p p l i c a t i o n s  such  a s  r a n g i n g  r e c e i v e r s .  T h i s  t y p e  of  
f i l t e r  w i l l  no t  be d i s c u s s e d  f u r t h e r .
CCD’s  can be used t o  make d i g i t a l  f i l t e r s  whose im p u ls e  r e s p o n s e  
can be t a i l o r e d  t o  c r e a t e  m a t c h e d  f i l t e r s  u s i n g  n o n - r e c u r s i v e
-  3 5  -
t r a n s v e r s a l  s t r u c t u r e s .  L ik e  SAW d e v i c e s  [2 5 ]  CCD's can  be u s e d  t o  
make analogue  de lay  l i n e s .  F igu re  1.11(a) i l l u s t r a t e s  the o p e r a t i o n  
o f  a CCD. Charge f ro m  t h e  i n p u t  s i g n a l  s a m p l e  i s  t r a p p e d  i n  t h e  
p o t e n t i a l  w e l l  b e n e a t h  a MOS s t r u c t u r e .  By u s i n g  a 3 - p h a s e  c l o c k  
sys tem an a l t e r n a t i v e  e l e c t r o d e ,  as  shown, th e  p o t e n t i a l  w e l l ,  and 
th e  c h a r g e  i t  c o n t a i n s  can  be made t o  move a l o n g  t h e  d e v i c e  a t  t h e  
c l o c k  r a t e  o f  t h e  f i l t e r .  I t  i s  p o s s i b l e  t o  s e n s e  t h e  l e v e l  o f  
charge benea th  any p o t e n t i a l  w e l l  v i a  " taps" ,  and thus  t h e se  p a r a l l e l  
d e l a y e d  v e r s i o n s  o f  t h e  i n p u t  s i g n a l  may be w e i g h t e d  and  summed t o  
g ive  the  a p p r o p r i a t e  non - re  c u r s i v e  d i g i t a l  f i l t e r  r e l a t i o n s h i p .  A 
t y p i c a l  matched d i g i t a l  f i l t e r  r e a l i s a t i o n  of  a  s h o r t  code i s  g iv e n  
i n  F i g u r e  1.11 (b).  The number  of  t a p  w e i g h t s  r e q u i r e d  t o  make t h e  
m a t c h e d  f i l t e r  e q u a l  t h e  l e n g t h  o f  t h e  s e q u e n c e ,  so  f o r  l o n g  
sequences  the  i n t e r c o n n e c t i o n s  become e x t r e m e ly  complex. Th is  type  
o f  f i l t e r  i s  a l s o  non-programmable.
1.4.3 ^ s t e m  P ro c e ss  G ain
One o f  t h e  m a j o r  c o n c e r n s  i n  s p r e a d  s p e c t r u m  s y s t e m s  i s  t h e  
amount of i n t e r f e r e n c e  r e j e c t i o n  p o s s i b l e .  The most  w id e ly  a c c e p t e d  
m e a s u r e  o f  t h i s  q u a n t i t y ,  t e r m e d  t h e  s y s t e m  p r o c e s s i n g  g a i n  Gp, i s  
g e n e r a l l y  g i v e n  by t h e  r a t i o  o f  r a d i o  f r e q u e n c y  b a n d w i d t h  t o  t h e  
i n f o r m a t i o n  b a n d w i d t h  Bp/B^.  T y p i c a l  p r o c e s s i n g  g a i n s  f o r  s p r e a d  
s p e c t r u m  s y s t e m s  v a r y  f r o m  20 t o  60 d B [ 26] .  B u t  i n  f a c t  t h i s  
p r o c e s s i n g  g a i n  d e p e n d s  on t h e  t e c h n i q u e  u s e d  and  a l s o  on t h e  
i n t e r f e r i n g  s ig n a l  s t u c t u r e .
An i d e a  of the  " p r o c e s s in g  ga in"  can  be o b t a in e d  by c o n s i d e r i n g  
the  f o l l o w i n g  g e n e ra l  argument.  Consider t h a t  da ta  of bandwid th  B^ 
i s  u n i f o r m l y  s p r e a d  t o  a t r a n s m i s s i o n  b a n d w i d t h  o f  Bp. The p ow er
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F i g u r e  1 . 1 1 .  O p e r a t i o n  o f  c h a r g e  c o u p l e  d e v i c e  [4 4 ]
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s p e c t r a l  d e n s i t y  p r i o r  to s p re a d in g  i s  over bandwidth so t h a t  
a f t e r  s p r e a d in g  the new power s p e c t r a l  d e n s i t y  i s  PR=PpBp/Bp a s su m in g  
l o s s l e s s  s p r e a d i n g  a s  shown i n  F i g u r e  1,12 .  A ssum ing  t h a t  t h i s  
s ig n a l  i s  t r a n s m i t t e d  i n  a channel  which has  a d d i t i v e  w h i t e  n o i s e ,  
o f  no ise  power s p e c t r a l  d e n s i t y  w a t t s /H z ,  th e  incoming s i g n a l  to  
n o i s e  r a t i o  a t  the  r e c e i v e r  i n p u t  i s  thus :
For an i d e a l ,  n o i s e l e s s ,  r e c e i v e r  u s in g  p e r f e c t  c o r r e l a t i o n  t h e  
r e q u i r e d  s i g n a l  w i l l  h a v e  a power ,  P^, a s  shown e a r l i e r  i n  F i g u r e  
1.12. The w h i t e  no ise  does not  c o r r e l a t e  w i th  th e  l o c a l  sequence and 
r e m a i n s  a t  t h e  o u t p u t  o f  t h e  c o r r e l a t o r  a s  n o i s e  of  power  s p e c t r a l  
d e n s i t y  o f  w a t t s / H z .  However,  a f t e r  t h e  c o r r e l a t o r ,  a low  p a s s  
f i l t e r  o f  b a n d w i d t h  B^ can be u s e d  t o  r e c o v e r  a l l  t h e  P^ o f  t h e  
wanted  s i g n a l .  As a consequence,  th e  no ise  power a t  th e  i n p u t  of  t h e  
da ta  demodula to r  i s  thus  now :
Nq Bj, w a t t s .
T h e re fo re  t h e  s ig n a l  to  n o ise  improvement  i s  
(SNR) r e c e i v e r  c o r r e l a t o r  ou tp u t
(SNR) r e c e i v e r  in p u t  P^B^/N^Bp
%  = r  1 . 2 3 ̂ r
T h i s  i s  a v e r y  c r u d e  d e f i n i t i o n ,  a p p l i c a b l e  o n l y  f o r  u n i f o r m  
s p re a d in g  i n  a Gausian broadband envi ronment.
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Figure 1.12. Spectra in a direct sequence S.S. system
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F or  t h e  c a s e  of  s i n u s o i d a l  i n t e r f e r e n c e  s i g n a l ,  a s  show n i n  
F ig u re  1.9(b) the  e f f e c t  of the  l o c a l  s p r e a d in g  code i s  to  s p r e a d  the  
p o w e r .  I ,  i n  t h e  s i n u s o i d a l  s i g n a l  o v e r  t h e  b a n d w i d t h  o f  t h e  
s p r e a d i n g  s e q u e n c e .  Bp* A ssum ing  a f l a t  d i s t r i b u t i o n  o f  t h e  
i n t e r f e r e n c e ,  o v e r  t h e  b a n d w i d t h  B^, t h e  r e d u c t i o n  i n  i n t e r f e r e n c e  
power d u r in g  the c o r r e l a t i o n  o p e r a t i o n  i s :
P B̂
I n  t h e  c a s e  w h e re  t h e  r e c e i v e r  o p e r a t e s  i n  a m u l t i u s e r  
env i ronm ent ,  the  p roces s  g a in  i s  s l i g h t l y  d i f f e r e n t  from t h e  e a r l i e r  
two cases .  Consider a s ig n a l  from o t h e r  s p r e a d  spec t rum  u s e r s  h a v i n g  
t h e  same c a r r i e r  f r e q u e n c y  and a l s o  code  r a t e  a s  t h e  w a n t e d  s i g n a l  
( w h i c h  i s  a l s o  c o n s i d e r e d  t o  be t h e  w o r s t  c a s e ) .  The i n t e r f e r e n c e  
s i g n a l  of s p e c t r a l  d e n s i t y  I , i s  sp read  over  a wide bandwidth  by th e  
e f f e c t  o f  t h e  l o c a l  code  s e q u e n c e  and  a p p e a r s  a t  t h e  c o r r e l a t o r  
ou tpu t .  Assuming a uniform s p re a d in g  of  t h e  spectrum. I t  h a s  been 
f o u n d  [ 2 7 ] t h a t  t h e  e f f e c t i v e  i n t e r f e r e n c e  power of  t h e  p o s t  
c o r r e l a t i o n  f i l t e r  has  a s p e c t r a l  d e n s i t y  of
2




To e x p l a i n  the p rocess  g a in  i n  a n u m e r ica l  example,  c o n s i d e r  th e  
case i n  which a c e r t a i n  system o p e r a t e s  benea th  th e  a t m o s p h e r i c  w h i t e  
n o i s e  f l o o r  by 25 dBs, and  i t  i s  r e q u i r e d  t h a t  t h e  s i g n a l  t o  n o i s e
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r a t i o  t o  t h e  i n p u t  o f  t h e  d a t a  d e m o d u l a t o r  i s  t o  be +15 dB f o r  
a c c e p t a b l e  e r r o r  r a t e .  The aim i s  to  d e t e rm in e  the  maximum d a t a  r a t e  
an d  t h e  p r o c e s s  g a i n .  F i r s t ,  a t  t h e  r e c e i v e r ,  t h e  n o i s e  b a n d w i d t h  
must  be l i m i t e d  t o  Bp by RF f i l t e r i n g .  So:
Noise power a t  in p u t  = N „ B
S igna l  power a t  i n p u t  =
( S ^ ^ ) r e c e i v e r  in p u t  = g- -
o R
p
(SNR)of c o r r e l a t o r  f i l t e r N B o rp
10 log^Q = +15dB
r o
10 losio b V  ’
R o
T h e r e f o r e  a p r o c e s s  g a i n  o f  40 dB i s  n e c e s s a r y .  For  u n i f o r m  
s p r e a d i n g ,  t h i s  may be a c h i e v e d  by h a v i n g  a u n i f o r m  b a n d w i d t h  
s p r e a d in g  r a t i o  of :
=  10000
hr
T h i s  m eans  t h a t  t h e  i n f o r m a t i o n  r a t e  m u s t  be 1 / 1 0 0 0 0  o f  t h e  t o t a l  
t r a n s m i s s i o n  b a n d w id t h .  F or  10 k b i t s  p e r  s e c .  d a t a  r a t e ,  t h e  
t r a n s m i s s i o n  b a n d w i d t h  i s  e q u a l  t o  100 M b i t s  p e r  s e c . ,  w h i c h  i s  
q u i t e  p o s s i b l e  u s in g  c u r r e n t  technology.  Assuming t h a t  the  maximum 
s i g n a l  to  no ise  r a t i o  anywhere from th e  t r a n s m i t t e r  to  t h e  r e c e i v e r  
i s  -10  dB, and the s ig n a l  t o  n o i s e  r a t i o  p r i o r  t o  dem odula to r  i s  +15 
dB. T h i s  means  t h a t  t h e  l o w e s t  a l l o w a b l e  s i g n a l  t o  n o i s e  r a t i o  a t  
the  r e c e i v e r  i n p u t  ( a f t e r  r a d i o  f requency  f i l t e r i n g )  i s  -35 dB, w hich  
a l l o w s  f o r  a 25 dB f a l l  i n  s i g n a l  s t e n g t h ,  assuming,  t h a t  n o i s e  f l o o r
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i s  un iform as a f u n c t i o n  of range.
Sometimes i t  i s  p o s s i b l e  to  r e l a t e  th e  p ro c e s s  g a i n  t o  t h e  code 
sequence  l e n g th ,  L, used a s  a s p r e a d in g  code t o  the d a t a  s ig n a l .  I f  
t h e  d a t a  r a t e  i s  equal  to  t h e  code sequence r a t e  th e  d a t a  bandwidth :
under t h i s  c o n d i t i o n  the p rocess  g a i n  i s  g iven  by:
For  e x a m p le  a 10 s t a g e  f e e d b a c k  s h i f t  r e g i s t e r  g e n e r a t o r  
g e n e r a t e s  a code  o f  l e n g t h  2 ^ ^ - l  = 1023 ,  w h i c h  g i v e s  a p r o c e s s  g a i n  
o f  Gp = 30.1 dB.
1.4.4 Frequency Hopping S ystem s
I n s t e a d  o f  u s i n g  a f i x e d  c a r r i e r  f r e q u e n c y ,  a  t e c h n i q u e  o f t e n  
u s e d  t o  ove rcom e  CW j a m m i n g  i s  t o  v a r y  t h e  c a r r i e r  f r e q u e n c y  
p e r i o d i c a l l y  o v e r  a w i d e  f r e q u e n c y  band ( a l t h o u g h  t h e  a c t u a l  
b a n d w i d t h  o c c u p i e d  a t  any of  t h e  c a r r i e r  f r e q u e n c i e s  i s  a l w a y s  t h e  
same). In  a f requency hopped system a sequence of d i g i t a l  words of  n 
b i t s / w o r d ,  o f  l e n g t h  L w o r d s  i s  u s e d  t o  c o n t r o l  t h e  f r e q u e n c y  o f  a 
f r equency  s y n t h e s i s e r ,  a s  shown i n  t h e  b lock  diagram of F i g u r e  1.13. 
The r a t e  a t  w h ic h  t h e  s e q u e n c e  i s  c l o c k e d  d e t e r m i n e s  t h e  r a t e  a t  
w h i c h  t h e  f r e q u e n c y  i s  hopped .  T h i s  may be a s  low  a s  1 0 - 1 0 0  
hops / second  i n  a slow f requency  hopping system t o  a s  h igh  a s  10 ,000- 
1 0 0 , 0 0 0  h o p s / s e c o n d  i n  a h i g h  s p e e d  h o p p i n g  s y s t e m .  The hop  r a t e  
does no t  s i g n i f i c a n t l y  expand t h e  t r a n s m i s s i o n  b a n d w i d t h .  T h i s  i s  
s e t  pu re ly  by the  d e v i a t i o n  o f  t h e  f requency  s y n t h e s i s e r ,  under  the  
c o n t r o l  o f  t h e  code.  I f  t h e  code u s e d  i s  a  p s e u d o - r a n d o m  s e q u e n c e
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t h e  c a r r i e r  a l s o  hops  o v e r  t h e  a l l o t t e d  bandwidth pseudo-randomly .  
T h i s  can be u s e d  t o  a d v a n t a g e  to  p r e v e n t  e a v e s d r o p p i n g  by t u n e d  
r e c e i v e r s ,  and t o  m in im ise  th e  e f f e c t s  of  CW jamming. The number of 
d i f f e r e n t  f r e q u e n c i e s  used i n  the  hopping  system i s  L, t h e  l e n g t h  of 
t h e  sequence and, i n  f a c t  one r e a l  f requency  hopping system [28]  h a s  
% 10^ d i s c r e t e  f requency  choices .
The d a t a  to  be t r a n s m i t t e d  may be m o d u l a t e d  o n t o  t h e  h o p p i n g  
c a r r i e r  u s i n g  any of  t h e  c o n v e n t i o n a l  m e t h o d s ,  su c h  a s  am o r  f  m. A 
common tech n iq u e  i s  t o  use f requency  s h i f t  keying  i n  which  l o g i c  1 or  
l o g i c  0 f o r  the d a t a  i s  a l l o c a t e d  one of two f requency  o f f s e t s  f rom 
th e  nominal  c a r r i e r  f requency .  A t y p i c a l  t im e - f r e q u e n c y  p a t t e r n  of  
a f r e q u e n c y  hopped  s y s t e m  i s  shown i n  F i g u r e  1 .1 3 (c ) .  The h e a r t  o f  
t h e  f r e q u e n c y  h o p p in g  t r a n s m i t t e r  i s  t h u s  a  v e r y  a g i l e  d i g i t a l l y  
c o n t r o l l e d  f requency  s y n t h e s i s e r .  For slow hopping  gys tems t h i s  may 
u s e  a p h a s e  l o c k  l o o p  i n  t h e  s y n t h e s i s e r ,  i n  t h e  n o r m a l  way.  
However, f o r  f a s t  hop sys tem s  i t  i s  n ecessa ry  to  use d i r e c t  s y n t h e s i s  
o f  t h e  f r e q u e n c y .  T h i s  i n v o l v e s  g e n e r a t i n g  a l a r g e  number  of  
f r e q u e n c i e s  from a s i n g l e  source  u s in g  c oun te r  c i r c u i t s ,  and m ix in g  
th e  a p p r o p r i a t e  f requency  components t o g e t h e r  v i a  a  D type  b i s t a b l e  
t o  a c h i e v e  o t h e r  f r e q u e n c i e s  i n  t h e  s e t .  T h i s  a p p r o a c h  i s  v e r y  
f a s t ,  a s  i t  o n ly  r e q u i r e s  d a t a  s e l e c t o r  g a t e s  t o  be s w i t c h e d ,  b u t  
b e c a u s e  many f r e q u e n c y  c o m p o n e n t s  a r e  g e n e r a t e d  i n  p a r a l l e l  i t  i s  
o b v i o u s l y  v e r y  c o s t l y .  The l a t t e r  m e th o d  o f  g e n e r a t i n g  f r e q u e n c y  
c o m p o n e n t s  can a l s o  be u s e f u l  i n  r e d u c i n g  s p e c t r a l  p o l l u t i o n ,  an d  
o p t i m i s i n g  t h e  SNR i n  t h e  r e c e i v e r .  C o n s i d e r i n g  t h e  f i r s t ,  i t  i s  
n ece ssa ry  t o  m in im ise  sudden phase changes when each new f r e q u e n c y  i s  
s e l e c t e d .  I n s t a n t a n e o u s  c h a n g e s  i n  p h a s e  p r o d u c e  a w i d e  s p r e a d  o f  
f r e q u e n c y  co m p o n en ts .  I t  i s  t h u s  n e c e s s a r y  f o r  t h e r e  t o  be a
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co h e re n t  t r a n s i t i o n  from one f requency  to  the  next  t o  m in im ise  phase 
n o i s e .  A p p r o p r i a t e  g a t i n g  of  t h e  d i r e c t  s y n t h e s i s e r  c a n  a c h i e v e  
t h i s .
The d e s i g n  o f  t h e  f r e q u e n c y  hopped  t r a n s m i t t e r  s h o u l d  be su c h  
t h a t  i t s  t r a n m i s s i o n  i s  d i s t r i b u t e d  e v e n l y  o v e r  e v e r y  a v a i l a b l e  
f r e q u e n c y  " s l o t "  i n  t h e  band and  t h a t  i t  t r a n s m i t s  a s  much o f  t h e  
power  i n  ea c h  c h a n n e l  a s  p o s s i b l e .  T h i s  m eans  t h a t  t h e  t r a n s i t i o n  
from one f requency  to  a n o t h e r  must not  only  be co h e re n t  but  must  t a k e  
a very  smal l  f r a c t i o n  of the t ime  a c t u a l l y  s p e n t  a t  t h a t  f r e q u e n c y ,  
o t h e r w i s e  p o w e r  i n  t h e  r e c o v e r e d  s i g n a l  i s  l o s t  d u r i n g  t h e  
t r a n s i  t i o n .
A b lock  diagram of t h e  r e c e i v e r  of a f requency  hopped system i s  
shown i n  F i g u r e  1 .13 (b ) .  The h e a r t  o f  t h e  r e c e i v e r  i s  a l s o  a 
f r e q u e n c y  s y n t h e s i s e r  c o n t r o l l e d  by a r e p l i c a  s e q u e n c e  t o  t h e  
t r a n s m i t t e d  sequence.  All f requency  s l o t s  i n  the  r e c e i v e r  a r e  o f f s e t  
by a f i x e d  IF frequency .  However, i f  the  two sequences  a r e  c o r r e c t l y  
{^ase synchron ised ,  the  r e c e i v e d  s ig n a l  i s  a lw ays  t r a n s l a t e d  back t o  
t h e  same IF  f r e q u e n c y ,  i r r e s p e c t i v e  o f  t h e  a c t u a l  i n s t a n t a n e o u s  
f requency .  The s ig n a l  a t  the  IF  w i l l  i n  f a c t  be e i t h e r  an  a m p l i t u d e  
m o d u l a t e d  s i g n a l ,  o r  an  f s k  s i g n a l ,  d e p e n d i n g  on t h e  o r i g i n a l  
m odu la t ion  and t h i s  can be r e c o v e re d  i n  the normal way.
I n  a common c h a n n e l  m u l t i - u s e r  s y s t e m  ea c h  u s e r  h a s  a u n i q u e  
sequence.  Consequently the  t r a n s m i t t e r s  hop  f ro m  one  f r e q u e n c y  t o  
a n o t h e r  w i t h i n  th e  a l l o c a t e d  bandwidth.  The v a r i o u s  t r a n s m i t t e r s  may 
o p e r a t e  synchronous ly  [29] ( c o n t r o l l e d  v i a  a s e p a r a t e  s y n c h r o n i s i n g  
c h a n n e l )  o r  a s y n c h r o n o u s l y .  I n  t h e  l a t t e r  c a s e  t h e r e  i s  a 
p r o b a b i l i t y  t h a t  two t r a n s m i t t e r s  w i l l  s i m u l t a n e o u s l y  t r a n s m i t  on th e  
same f requency .  This  can a c t  as  i n t e r f e r e n c e ,  however, because  both
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s e q u e n c e s  a r e  d i f f e r e n t  t h e  i n t e r f e r e n c e  o n ly  e x i s t s  f rom  t h a t  
i n t e r f é r e r  f o r  the one ch ip  p e r io d  of the sequence.  Averaged over a 
l o n g  p e r i o d  t h e  i n t e r f e r e n c e  i s  g i v e n  by t h e  c r o s s - c o r r e l a t i o n  
be tween the two sequences  f o r  the  given  f ^a se  o f f s e t  i n  a  s i m i l a r  way 
t o  a d i r e c t  sequence system.
In  t h e  case  where th e  ch a n n e l s  of  t h e  f requency  hopping system 
a r e  c o n t i g u o u s ,  t h e  p r o c e s s  g a i n  i s  i d e n t i c a l  t o  t h a t  o f  a  d i r e c t  
sequence system,  i n  i t s  g e n e ra l  form g iven  by:
i n f e r .
H owever ,  when  t h e  c h a n n e l s  a r e  n o t  c o n t i g u o u s ,  t h e  p r o c e s s  g a i n  i s  
b e t t e r  d e t e rm in e d  by th e  number of a v a i l a b l e  f requency  cho ices ,  and 
c l e a r l y  i t  i s  n o t  d e p e n d e n t  on  t h e  c l o c k  r a t e  o f  t h e  p s e u d o  n o i s e  
sequence.  Th is  i n d i c a t e s  t h a t  a  l o w e r  c l o c k  r a t e  can be used i n  t h e  
f requency  hopping  system and t h i s  h a s  no e f f e c t  on the  bandwidth of 
th e  t r a n s m i t t e d  s i g n a l .
I n  t h e  r e c e i v e r ,  i t  i s  t h e  t y p e  o f  s i g n a l  p r o d u c e d  i n  t h e  
i n t e r m e d i a t e  f r e q u e n c y  bandwid th  which d e t e r m i n e s  th e  q u a l i t y  of  th e  
r e c e p t io n .  Hence, whenever any f requency  component of  th e  dehopped 
u n d e s i r e d  s i g n a l  f a l l s  i n  i t s  i n t e r m e d i a t e  f r e q u e n c y  b a n d w i d t h ,  
i n t e r f e r e n c e  i s  p r o d u c e d ,  and t h i s  w i l l  t a k e  p l a c e  i n  t h e s e  two 
c a s e s .  The f i r s t  on e  i s  w h e r e  t h e  f r e q u e n c y  s y n t h e s i s e r  i n  t h e  
r e c e i v e r  i s  p r o d u c i n g  f r e q u e n c i e s  w hich  a r e  n o n - id e a l  and c o n t a i n s  
f requency  s h i f t  components t h a t  co r respond  to  t h a t  c o n t a in e d  w i t h i n  
th e  u n d e s i r e d  s i g n a l .  It can be said that the extend to which 
t h i s  w i l l  take  p lace  depends upon the  degree  of  c o r r e l a t i o n  between 
t h e  codes of  d e s i r e d  and u n d e s i r e d  s i g n a l s .  The second case  i s  where
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th e  i n t e r m o d u l a t i o n  be tween two or more i n t e r f e r e n c e  s i g n a l s  r e s u l t s  
i n  an i n t e r m o d u l a t i o n  p roduc t ,  which can match f r e q u e n c i e s  g e n e r a t e d  
by th e  f requency  s y n t h e s i s e r  i n  th e  r e c e i v e r .
The i n t e r f e r e n c e  c o n t r i b u t i o n  i n  f r e q u e n c y  h o p p i n g  s y s t e m s  
d e p e n d s  m a i n l y  on h o p p i n g  r a t e .  For  a h i g h  h o p p i n g  r a t e  t h e  
i n t e r f e r e n c e  ap p ea r s  to  be smal l  and con t inuous  because i t  i s  n o i s e  
l i k e ,  and s p r e a d  i n  a ( s i n  x / x ) ^  f a s h i o n  by an  a m o u n t  r o u g h l y  e q u a l  
t o  t h e  h o p p i n g  r a t e  and  t h i s  s p r e a d  w i l l  e x c e e d  t h e  i n f o r m a t i o n  
bandwidth ,  whereas,  f o r  low hopping r a t e s ,  f o r  example 10 or  20 hops 
per  second, the occu r ren c e  of i n t e r f e r e n c e  i s  h igh  bu t  i n t e r m i t t e n t  
w i t h  p e r i o d s  o f  one hop d u r a t i o n  s u f f e r i n g  h e a v y  i n t e r f e r e n c e  
s e p a r a t e d  by l o n g  p e r i o d s  of  i n t e r f e r e n c e  f r e e  r e c e p t i o n .  Thus i n  
t h e  d e s i g n  o f  f r e q u e n c y  h o p p i n g  s y s t e m  a c h o i c e  h a s  t o  be made 
between which kind of i n t e r f e r e n c e  i s  a c c e p t a b l e  and p r e f e r r e d .  I f  a 
h i ^  f requency  hopping r a t e  t h a n  t h e  i n f o r m a t i o n  r a t e  i s  i n c o r p o r a t e d  
i n  t h e  d e s i g n ,  t h e r e  i s  a p ro b le m  t h a t  o n l y  a few t h o u s a n d s  o f  h o p s  
p e r  s e c o n d  a r e  p r o d u c e d  by t h e  f r e q u e n c y  s y n t h e s i s e r .  The s e c o n d  
p ro b le m  i s  t h a t  o f  a v o i d i n g  t h e  i n d i v i d u a l  d eh o p p ed  u n w a n t e d  
components when t h e  s y n t h e s i s e r  jumps from one f requency  to  a n o t h e r  
[30] .
F o r  t h e  p o t e n t i a l  e a v e s d r o p p e r ,  i f  t h e  h o p p i n g  r a t e  i s  q u i t e  
f a s t  r e l a t i v e  t o  t h e  d a t a  b a n d w i d t h  and  t h e  h o p p i n g  r a n g e  i s  v e r y  
l a r g e  a s  w e l l  a s  l a r g e  c h a n g e s  i n  f r e q u e n c y  on e a c h  hop ,  t h e n  i t  i s  
very  d i f f i c u l t  f o r  him t o  a synchronous ly  change h i s  l o c a l  o s c i l l a t o r  
f requency  and t h e r e f o r e  cannot  o b t a i n  a c o h e re n t  v e r s i o n  o f  t h e  data.  
The e a v e s d r o p p e r  knows t h e  e x i s t e n c e  of  t h e  s i g n a l  b u t  c a n n o t  
c a p i t a l i s e  on i t , o r  a j a m m i n g  a t t e m p t  on one f r e q u e n c y  w i l l  l e a v e  
t h o u s a n d s  o f  o t h e r  f r e q u e n c i e s  unjammed b e c a u s e  w i t h o u t  p r i o r
knowledge of th e  spac ing  of  the  f requency  components and t h e  number 
of the spec t rum t h i s  may be i m p o s s i b l e  even w i th  a very h igh  spec t rum  
a n a l y s e r .  However,  t h e  r e c e i v e r  of  t h e  w a n t e d  s i g n a l  h a s  t h e  
advan tage  of knowing which  f requency  i s  coming next  s i n c e  i t  knows 
which  code i s  be ing used.
I f  t h e  s p r e a d  s p e c t r u m  s y s t e m  i s  s u b j e c t  t o  n a r r o w b a n d  
i n t e r f e r e n c e  or CW jamming the  r e c o v e re d  d a t a  may be c o r ru p te d  by the  
i n t e r f e r e n c e ,  f o r  t h e  d u r a t i o n  o f  one hop.  For a l l  o t h e r  hop 
f r e q u e n c i e s  the  CW s ig n a l  w i l l  be mixed t o  a f requency o u t s i d e  the  IF 
bandwidth of the  r e c e i v e r ,  and w i l l  thus  have  no e f f e c t .  I f  t h i s  CW 
i n t e r f e r e n c e  i s  l a r g e  the  d a t a  may be wrongly  decoded. I f  t h e r e  a r e  
L f r e q u e n c i e s  t o  w h ic h  t h e  c a r r i e r  may hop t h e  p r o b a b i l i t y  o f  t h e  
da ta  be ing  c o r ru p te d  i s :
p(E) = 1
This  assumes  t h a t  th e  i n t e r f e r i n g  s i g n a l  i s  much l a r g e r  i n  a m p l i t u d e  
than  th e  f requency  hopped s ig n a l .  U n les s  L i s  l a r g e  the p r o b a b i l i t y  
o f  a d a t a  e r r o r  can be unacc ep tab ly  l a rg e .  To improve m a t t e r s  coding  
o f  t h e  o r i g i n a l  d a t a  t o  i n c o r p o r a t e  e r r o r  c o r r e c t i n g  c o d e s  m u s t  be 
used,  but  t h i s  r ed u ce s  t h e  a c t u a l  d a t a  r a t e .
I f  the  i n t e r f e r e n c e  i s  w h i t e  G auss ian  n o i s e  i t  i s  u n l i k e l y  t h a t  
t h e  power i n  t h e  no ise  over a bandwidth w i l l  be g r e a t e r  th a n  t h e  
t r a n s m i t t e d  s ig n a l ,  and so the  f requency  hopped s ig n a l  i s  r e l a t i v e l y  
immune t o  w h i t e  n o i s e .  I n t e r e s t i n g l y ,  t h e  d i r e c t  s e q u e n c e  s y s t e m  
te n d s  to  be more t o l e r a n t  of CW i n t e r f e r e n c e  r a t h e r  than  w h i t e  no ise .  
We see  t h a t  t h e  e f f e c t s  o f  i n t e r f e r e n c e  a r e  r e d u c e d  i f  t h e  n o i s e  i s  
d i f f e r e n t  from the type of s i g n a l  used  Le .  CW i n t e r f e r e n c e  compared
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w i th  a broadband d i r e c t  sequence system or w h i t e  no ise  compared w i t h  
a narrow band f requency hopped system.
M u l t ip a th  s i g n a l s  do not  c r e a t e  any i n t e r f e r e n c e  p rov ided  t h a t
t h e  p r o p a g a t i o n  d e l a y  of  t h e  r e f l e c t e d  s i g n a l  i s  g r e a t e r  t h a n  l / f ^  
w here  f ^  i s  the  hop f requency .  I f  t h e  p ro p a g a t io n  delay  i s  l e s s  t h a n  
t h i s ,  f r e q u e n c y  s e l e c t i v e  f a d i n g  w i l l  o c c u r  i n  t h e  u s u a l  way.  
C le a r ly  th e  use of f requency  hopped s y s t e m s  t o  overcome r a p i d  f a d i n g  
i s  not  p o s s i b l e  u n le s s  the  hop r a t e  i s  r e l a t i v e l y  high ,  i n  e x c e s s  of 
lOkHz.
1.4.5 Time Hopping Sys tems
I n  f r e q u e n c y  h o p p i n g  s y s t e m s  t h e  code s e q u e n c e  i s  u s e d  t o  
c o n t r o l  t h e  f r e q u e n c y  of  t r a n s m i s s i o n .  On t h e  o t h e r  h a n d ,  t i m e  
hopping u s e s  t h i s  t o  c o n t ro l  tiie t r a n s m i s s i o n  t i m e  per iod.
The c o n s t r u c t i o n  of t im e  hopping s y s t e m s  i s  n o rm a l ly  ve ry  s im p l e  
and  a s  such  the y  have  f o u n d  a p p l i c a t i o n  i n  m u l t i p l e  a c c e s s  an d  
p a r t i c u l a r l y  r a n g i n g .  B a s i c a l l y ,  t i m e  h o p p i n g  i n c o r p o r a t e s  
c o n v e n t i o n a l  p u l s e  m o d u l a t i o n ,  w h e r e  a p s eu d o  n o i s e  code s e q u e n c e  
t u r n s  the  t r a n s m i t t e r  ON and OFF i n  a pseudorandom manner.
Thus i n  p r a c t i c e  an average  t r a n s m i t  duty c y c l e  of n e a r l y  50% i s  
o b t a in e d  due t o  the number of  ones  and z e r o s  i n  the pseudo n o i s e  code 
s e q u e n c e  b e i n g  n e a r l y  e q u a l .  A b l o c k  d i a g r a m  of  t h e  t i m e  h o p p i n g  
system i s  shown i n  F ig u re  1.14. The m od u la to r  o p e r a t e s  i n  a  s im p le  
f a s h i o n  b e i n g  a b l e  t o  a c c e p t  any p u l s e  m o d u l a t a b l e  s i g n a l  s o u r c e  
which  i s  capable of f o l l o w i n g  code waveforms.  An N -input  g a t e  cou ld  
e a s i l y  a c t  a s  a k e y i n g  c o n t r o l .  T h i s  w o u l d  s e n s e  some p r e v i o u s l y  
chosen s t a t e  of a s h i f t  r e g i s t e r  and hence t u r n  to  c o n t ro l  the  o u t p u t  
s i g n a l  of the  t r a n s m i t t e r .
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Figure 1.14. Simple time hopping (pseudonoise pulse) 
system.
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The d i s a d v a n t a g e  of  s i m p l e  t i m e  h o p p i n g  s y s t e m s  i s  t h a t  t h e y  
h a v e  i n e f f i c i e n t  i n t e r f e r e n c e  r e j e c t i o n .  I n  p a r t i c u l a r ,  a 
c o n t i n u o u s  c a r r i e r  w h ic h  h a s  a f r e q u e n c y  i d e n t i c a l  t o  t h e  c e n t r e  
f req u en cy  of the  r e c e i v e r  cannot  be e l i m i n a t e d  and th u s  l e a d s  t o  t h e  
b lockage of  the  system. In  o rd e r  t h a t  an i n t e r f e r i n g  t r a n s m i t t e r  can 
h a v e  any r e a l  chance  o f  c a u s i n g  d i s t u r b a n c e s  t o  t h e  t r a n s m i t t e d  
s i g n a l  i n  th e  t im e  hopping system,  i t  must be o p e r a t e d  c o n t in u o u s ly  
a s  t h e  code s e q u e n c e  i s  unknown t o  i t .  T h i s  c o u n t s  a s  a p o i n t  
g r e a t l y  i n  f avou r  of the  t i m e  hopping sys tem s in c e  i t s  duty c y c l e  i s  
much lo w e r  and i n  f a c t  the power f o r  t h i s  reduced  duty cy c l e  i s  l e s s  
by a f a c t o r  equal  to  t h e  s i g n a l  duty c y c l e  when compared w i t h  t h a t  o f  
the  i n t e r f e r i n g  t r a n s m i t t e r .
The com bina t ion  of  t i m e  and f r eq u en cy  hopping t e c h n i q u e s  fo rm s  
t h e  b a s i s  f o r  one fo rm  o f  t i m e  d i v i s i o n  m u l t i p l e  a c c e s s  (TDMA) 
s y s t e m .  I n  p r a c t i c e ,  t h i s  i s  f r e q u e n t l y  u s e d  t o  o v e r c o m e  t h e  
d i s a d v a n t a g e s  i n  t im e  hopping  sys tems,  where the  p r e s e n t a t i o n  of  a 
c o n t i n u a l l y  i n t e r f e r i n g  t r a n s m i t t e d  s i g n a l  could  l e a d  t o  t h e  b lockage  
of  communicat ion  between u s e r s  [ 1 6 ].
1.4.6 C h irp  System
P u l s e - F r e q u e n c y  m o d u l a t i o n  o r  c h i r p  s y s t e m s  h a v e  b e e n  w i d e l y  
u s e d  i n  r a d a r .  I n  t h e i r  f u n d a m e n t a l  f o r m ,  t h e  s i g n a l s  u s e d  a r e  
s i m p l e  and  do n o t  u se  c o d i n g  a s  i n  o t h e r  f o r m s  o f  s p r e a d  s p e c t r u m  
m o d u l a t i o n  t o  s p r e a d  t h e i r  t r a n s m i t t e d  s i g n a l  b a n d w i d t h .  S w e p t -  
f r e q u e n c y  p u l s e s ,  s i m i l a r  t o  t h o s e  f ro m  a sw e ep  g e n e r a t o r  a r e  
em p lo y e d ,  by w h ich  t h e  t r a n s m i s s i o n  b a n d w i d t h  i s  e x t e n d e d  t o  a 
g r e a t e r  e x t e n t  t h a n  n e e d e d  so  t h a t  i t  a c h i e v e s  h i g h  p r o c e s s  g a i n ,  
w i t h o u t  use of any code sequence.  Pu lsed  r a d i o  f r e q u e n c i e s  vary  i n  a
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Figure 1.15 Chirp system waveform.
a) Typical chirp waveforms.
b) Transmitted chirp signal (one sweep)
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known m a n n e r  d u r i n g  e a c h  p u l s e .  The g r e a t e s t  a d v a n t a g e  i n  i t s  u s e  
l i e s  i n  the  r e d u c t i o n  of t r a n s m i t t e d  power.
The r e c e i v e r  employs a d i s p e r s i v e  or  matched f i l t e r ,  t o  match 
the  a n g u l a r  r a t e  of change of  the  t r a n s m i t t e d  f requency  swept s i g n a l  
an d  t o  c o m p r e s s  i t  i n t o  a much n a r r o w e r  t i m e  s l o t  such  t h a t  i t  
b e h a v e s  i n  t h e  same way t h a t  a h i g h  pow er  ( b u t  n a r r o w )  p u l s e  d o e s  
[ 1 6 ] .  T h e r e f o r e  i t  i s  co m m m o n ly  u s e d  i n  r a d a r  a n d  a l s o  i n  
communica tions ,  where r e d u c t i o n  of power i s  an  i m p o r t a n t  f a c t o r  [ 3 1 ]. 
F ig u r e  1.15 shows a t y p i c a l  c h i r p  system.
1.5 GENERATION AND PROPERTIES OF CODES
1 .5.1 Feedback S h i f t  R e g is te r  G e n e ra to rs
With the  e x c e p t io n  of c h i rp  s p r e a d - s p e c t ru m  sys tem s ,  which  do 
n o t  em ploy  s p r e a d i n g  s e q u e n c e s ,  a l l  o t h e r  s p r e a d - s p e c t r u m  s y s t e m s  
r e l y  on t h e  p r o p e r t i e s  of  t h e  s p r e a d i n g  f u n c t i o n  t o  a c h i e v e  t h e i r  
i n t e r f e r e n c e  r e j e c t i o n  p r o p e r t i e s .  F o r  e a s e  o f  g e n e r a t i o n  t h e  
s p r e a d i n g  s e q u e n c e s  a r e  g e n e r a l l y  b i n a r y  c o d e s .  For o p t i m u m  
performance  th e  sequences  need t o  have  p r o p e r t i e s  which a r e  c l o s e  t o  
a random b i n a r y  s e q u e n c e .  However ,  f o r  t h e  c a s e  o f  g e n e r a t i o n  an d  
s y n c h r o n i s a t i o n  t h e  codes must  a l s o  be d e t e r m i n i s t i c  and r e l a t i v e l y  
e a s y  t o  g e n e r a t e .  A l th o u g h  i t  i s  p o s s i b l e  t o  g e n e r a t e  a p e r f e c t l y  
random  s e q u e n c e ,  s i n c e  a r e p l i c a  i s  r e q u i r e d  i n  t h e  r e c e i v e r  p h a s e  
l o c k e d  t o  t h e  t r a n s m i t t e r  i t  i s  u n r e a l i s t i c  t o  e x p e c t  t h a t  
s y n c h r o n i s a t i o n  could be m a in t a i n e d  when t h e  channel  f a d e s  and e i t h e r  
th e  t r a n s m i t t e r  or  r e c e i v e r  is s u b j e c t  t o  Doppler  S h i f t .
L i n e a r  f eedback  s h i f t  r e g i s t e r  sequence g e n e r a t o r s  a r e  c a p a b le  
of p roduc ing  l a r g e  numbers of  d i f f e r e n t  codes,  some o f  w hich  a r e  v e ry  
w e l l  s u i t e d  a s  s p r e a d in g  f u n c t i o n s .  These codes  a r e  p e r i o d i c ,  r a t h e r
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t h a n  t r u l y  random,  h o w e v e r  t h e  l e n g t h  of  t h e  s e q u e n c e  can  be made 
e x t r e m e l y  l o n g ,  i n  e x c e s s  o f  1 0 ^ 6  b i t s ,  w i t h  a c o r r e s p o n d i n g  l o n g  
p e r i o d  of  th e  sequence. With such lo n g  sequences  t h e  p r o p e r t i e s  of  
t h e  s e q u e n c e  c l o s e l y  a p p r o a c h  t h a t  of  a random s e q u e n c e  i f  t h e  
o b s e r v a t i o n  t i m e  i s  r e s t r i c t e d .  The g r e a t  a d v a n t a g e  o f  a  s h i f t  
r e g i s t e r  sequence g e n e r a t o r  i s  t h a t  i t  i s  r e l a t i v e l y  s t r a i g h t f o r w a r d  
t o  programme and lo a d  th e  sequence g e n e r a t o r  w i th  an i n i t i a l  s t a r t i n g  
s t a t e  so t h a t  b o th  t r a n s m i t t e r  a n d  r e c e i v e r  s e q u e n c e s  can be 
i n i t i a l l y  synchron ised .
A s h i f t  r e g i s t e r  g e n e r a t o r  p r o d u c e s  s e q u e n c e s  w h i c h  d e p e n d  on 
t h e  l e n g t h  of  t h e  s h i f t  r e g i s t e r ,  t h e  f e e d b a c k  t a p  c o n n e c t i o n s  an d  
t h e  i n i t i a l  s t a r t i n g  s t a t e  o f  t h e  s e q u e n c e .  The c o d e s  p r o d u c e d  i n  
t h i s  t y p e  o f  g e n e r a t o r  may be g r o u p e d  i n t o  two c l a s s e s ;  m a x i m a l  
l e n g t h  sequences  (m-sequences)  and non-maximal l e n g t h  sequences.
1.5.2 M aximal L ength  S equences
The m a x im a l  l e n g t h  s e q u e n c e  I s  t h e  l o n g e s t  code s e q u e n c e  t h a t  
can  be p r o d u c e d  by a g i v e n  s h i f t  r e g i s t e r  g e n e r a t o r .  I f  t h e  s h i f t  
r e g i s t e r  h a s  n s t a g e s  t h e  l e n g t h  of  a maximal sequence I s :
L = 2^ -  1 ch ip s
and t h e n  t h e  s e q u e n c e  r e p e a t s .  I f  t h e  s e q u e n c e  l e n g t h  I s  l e s s  t h a n  
2 ^ - 1  the  sequence I s  non-maxlmal.  The maximal sequence c o n t a i n s  
e v e r y  *n' t u p l e  e x c e p t  t h e  a l l  z e r o * s  s t a t e .  I f  t h e  a l l  z e r o ' s  
I n i t i a l  s t a t e  I s  lo a d e d  I n t o  the  r e g i s t e r  an a u x i l i a r y  sequence of  
t h e  l e n g t h  o f  one c h i p  I s  p r o d u c e d .  The number  an d  p o s i t i o n  o f  t h e  
f eed b a ck  t a p s  d i c t a t e  w h e th e r  the  sequence  I s  maximal or  non-maxlmal.  
F i g u r e  1 . 1 6 (a )  s h o w s  a  b l o c k  d i a g r a m  o f  a t y p i c a l  m a x im a l  l e n g t h
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Figure 1.16(a). Block diagram of a 4-stages feedback
shift register and its (2^-1) stages, 
generating maximal length sequence.
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Figure 1.16(b). Non-maximal sequences generated from a
4-stages feedback shift register with 
data feedback 1 © 3 © 4.
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s h i f t  r e g i s t e r  g e n e r a to r  of l e n g th  15 c h i p s  (n=4). Here t h e  t a p s  a r e  
t a k e n  from th e  l a s t  and f i r s t  s t a g e s  and modulo added t o g e t h e r  be fo re  
f e e d i n g  t h e  r e s u l t  to  th e  i n p u t  of t h e  s h i f t  r e g i s t e r .  Also shown i n  
t h i s  diagram a re  s i x  o th e r  non-maximal sequences .
In  g e n e ra l ,  the  n s t a g e  r e g i s t e r  has  a f eed b a ck  f u n c t i o n
f(xQ^, X£  •••• ^n^
w h e r e  x^,  %2 . . x^ r e p r e s e n t  t h e  o u t p u t  s t a t e s  o f  t h e  s h i f t
r e g i s t e r .  The t a p s  a r e  s e l e c t e d  by t h e  s w i t c h i n g  f u n c t i o n s  C^, C2 » 
. . .  w h i c h  i s  e i t h e r  0 o r  1 d e p e n d i n g  on  w h e t h e r  a t a p  c o n n e c t i o n  
i s  made o r  n o t .
Thus:
f ( % l ,  X2 . . .  Xjj)  = C ^ . X i  ® C 2 . X 2  ® C g . X g  ® Cy .x % . . .  0%. X^
1.27
where  ® i n d i c a t e s  a modulo 2 a d d i t i o n  and C^.x^ i s  the  AND f u n c t i o n .
The ou tpu t  of  the  f eedba ck  f u n c t i o n  i s  f e d  back t o  t h e  i n p u t  of 
t h e  r e g i s t e r .  C l e a r l y  i t  i s  t h e  c h o i c e  of  t h e  f e e d b a c k  f u n c t i o n  
which  d e t e rm in e s  w he the r  t h e  sequence w i l l  be maximal l e n g t h  or  not. 
In  g e n e r a l ,  the  c o r r e l a t i o n  p r o p e r t i e s  of  maximal sequences  t e n d  t o  
be b e t t e r  t h a n  t h o s e  o f  n o n - m a x i m a l  s e q u e n c e s .  P e t e r s o n  [3 2 ]  h a s  
produced a t a b l e  of  d i f f e r e n t  f eedba ck  c o n n e c t io n s  f o r  maximal l e n g t h  
sequences  f o r  between 2 to  89  s t a g e s ,  so t h a t  sequences  of  any l e n g th  
from 3 t o  6 .189  x 10^6  c h ip s  a r e  e a s i l y  a v a i l a b l e .
A code sequence used  f o r  s p r e a d - s p e c t ru m  sys tem s  must  have 
the  f o l l o w i n g  q u a l i t i e s  [17]:
1.  Good a u t o c o r r e l a t i o n  p r o p e r t i e s  which have two d i s t i n g u i s h a b l e  
l e v e l s  and low c r o s s - c o r r e l a t i o n  p r o p e r t i e s .
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2. S u f f i c i e n t  l e n g t h  to  s u p p o r t  maxi m u m -d i s t a n c e  r a n g in g  s y s t e m s  
such a s  th e  Ranger p r o j e c t  and t h e  Venus space  probe.
3. S u f f i c i e n t  l e n g th  to  su p p o r t  th e  expec ted  jamming margin.
4. T h e r e  m u s t  be a l a r g e  f a m i l y  of  s e q u e n c e s  h a v i n g  a l l  t h e  same
c o r r e l a t i o n  p r o p e r t i e s .
5. Ready im p le m e n ta t io n .
Maxim al l e n g t h  s e q u e n c e s  a r e  f r e q u e n t l y  e m p lo y e d  t o  s a t i s f y  
t h e s e  r e q u i r e m e n t s .  G iv en  be low a r e  t h e  p r o p e r t i e s  o f  t h e s e  
sequences .
1. The number of ones i n  a sequence exceed  t h e  number of  z e r o s  by 1
( b e c a u s e  t h e  a l l  z e r o * s  s t a t e  d o e s  n o t  o c c u r  i n  t h e  s e q u e n c e .  
T h i s  i s  c a l l e d  t h e  ba lance  p ro p e r ty .
2. The s t a t i s t i c a l  d i s t r i b u t i o n  o f  o n e s  an d  z e r o s  i s  w e l l  d e f i n e d
and equa l .  R e l a t i v e  p o s i t i o n s  of  t h e  r u n s  of  ones and z e r o s  vary  
from sequence to  sequence ,  however,  the  number of each r u n  l e n g t h  
d o e s  n o t  v a r y  b e t w e e n  s e q u e n c e s  o f  a g i v e n  l e n g t h .  F or  l o n g
s e q u e n c e s  t h e  r u n  p r o p e r t y  o f  m a x im a l  s e q u e n c e s  i s  s i m i l a r  t o  
random sequences  i n  t h a t  r u n s  of  2 c o n s e c u t i v e  l*s occur  h a l f  a s  
f r e q u e n t l y  a s  r u n s  o f  1, e t c .  f o r  l o n g e r  runs .
Because of t h e se  randomn p r o p e r t i e s  maximal l e n g t h  sequences  
cU'e o f t e n  c a l l e d  p s e u d o -n o i s e  sequences.
3. The a u t o c o r r e l a t i o n  f u n c t i o n  o f  a  m a x im a l  l e n g t h  s e q u e n c e  i s
s u c h  t h a t  f o r  a l l  v a l u e s  o f  p h a s e  s h i f t  t h e  n o r m a l i s e d
c o r r e l a t i o n  v a l u e  i s  - 1 / L ,  e x c e p t  f o r  p h a s e  s h i f t s  i n  t h e  r a n g e
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of -1<T< 1 b i t  where t h e  c o r r e l a t i o n  v a r i e s  l i n e a r l y  from - 1 / L  to  
+ 1 ( w h e r e  L i s  t h e  s e q u e n c e  l e n g t h ) .  T h i s  c o r r e l a t i o n  p r o p e r t y  
w i l l  be d i s c u s s e d  i n  S e c t i o n  1.6.
4. A m o d u l o - 2  a d d i t i o n  of  a m a x im a l  l e n g t h  s e q u e n c e  w i t h  a p h a s e  
s h i f t e d  r e p l i c a  o f  i t s e l f  r e s u l t s  i n  a n o t h e r  r e p l i c a  w i t h  a 
d i f f e r e n t  p hase  s h i f t  f ro m  e i t h e r  of  t h e  o r i g i n a l  s. T h i s  i s  
c a l l e d  t h e  l i n e a r  a d d i t i o n  p rope r ty .
5. Every  p o s s i b l e  s t a t e  o r  *n' t u p l e  of  a  g i v e n  n s t a g e  g e n e r a t o r  
e x i s t s  a t  some t i m e  i n  t h e  sequence w i t h  th e  e x c e p t io n  o f  t h e  a l l  
z e r o ' s  s t a t e .  Each s t a t e  l a s t s  f o r  one and  o n l y  one c l o c k  b i t .  
Th is  i s  c a l l e d  t h e  s t a t e  e x h a u s t i o n  p rope r ty .
Z i e l e r  [ 3 3 ] ,  h a s  shown t h a t  t h e  number o f  d i f f e r e n t  m a x i m a l  
l e n g th  sequences  produced by an n s t a g e  s h i f t  r e g i s t e r  g e n e r a t o r  i s  
given  by:
m n
The e x p r e s s io n  <]) (x) i s  an  E u le r  number and r e p r e s e n t s  t h e  number of  
p o s i t i v e  i n t e g e r s ,  i n c l u d i n g  1 t h a t  a r e  r e l a t i v e l y  pr ime t o  and l e s s  
t h a n  ( x ) .
1 .5 .3  C om bination Code Sequences
These a r e  non-maximal l e n g t h  sequences ,  n e v e r t h e l e s s  they  have 
u s e f u l  p r o p e r t i e s  i n  s p r e a d - s p e c t ru m  sys tem s ,  a s  w i l l  be st^ated. The 
most i m p o r t a n t  of  t h e  com bina t ion  sequences  a r e  t h e  Gold sequences  
[3 4 ,  3 5 ] ,  t h e  JPL r a n g i n g  c o d e s  [ 3 6 ] ,  and  t h e  c o m p o s i t e  s e q u e n c e s  
[37] .  Th is  l a s t  t y p e s  i s  somet im es  c a l l e d  a Krone eke r  sequence [38].
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Although a l l  these  ty p e s  of  sequence a r e  not  maximal l e n g t h  sequences  
some of them do use maximal l e n g t h  sequences  i n  t h e i r  c o n s t r u c t i o n .  
Some of t h e s e  sequences  w i l l  be e x p l a in e d  here.
G o ld  code  s e q u e n c e s  [ 3 4 ,  3 5 ] :  A b l o c k  d i a g r a m  of  a  G o ld  co d e  
s e q u e n c e  g e n e r a t o r  i s  shown i n  F i g u r e  1 .17 .  The tw o  c o d e s  1 and 2 
a r e  m a x im a l  l e n g t h  s e q u e n c e s  g e n e r a t e d  f ro m  two s e p a r a t e  f e e d b a c k  
s h i f t  r e g i s t e r s ,  1 and 2, r e s p e c t i v e l y  c locked  by th e  same f requency  
and  c o m b in e d  t o g e t h e r  by m o d u lo -2  a d d i t i o n  t o  fo rm  a Gold  code  
s e q u e n c e .  The tw o  e q u a l  l e n g t h  m a x im a l  l e n g t h  s e q u e n c e s  may have  
d i f f e r e n t  o r  i d e n t i c a l  f eedback  f u n c t i o n s  but  w i t h  d i f f e r e n t  i n i t i a l  
s t a r t i n g  s t a t e s .  The l e n g t h  of th e  r e s u l t i n g  sequence i s  t h e  same a s  
th e  l e n g t h  of  code 1 or code 2, i .e.  L=2^-l .  Two main  a d v a n t a g e s  a r e  
o b t a i n e d  from g e n e r a t i n g  t h e  Gold sequences.  The f i r s t  advan tage  i s  
t h a t  a  v e r y  l a r g e  number  o f  c o d e s  can be o b t a i n e d ,  much l a r g e r  t h a n  
t h e  number  o f  m a x im a l  l e n g t h  s e q u e n c e s  o f  l e n g t h  n. I n  f a c t  t h e r e  
a r e  (2^-1) d i f f e r e n t  gold  sequences g e n e r a t e d  from only  two maximal 
l e n g t h  s e q u e n c e s ,  e ac h  of  l e n g t h  ( 2 ^ - 1 )  p l u s  t h e  tw o  g e n e r a t i n g  
s e q u e n c e s .  T h i s  l a r g e  number  o f  s e q u e n c e s  i s ,  o f  c o u r s e ,  i d e a l  f o r  
l a r g e  m u l t i - u s e r  CDMA s y s t e m s ,  p a r t i c u l a r l y  s i n c e  t h e  number  o f  
maximal l e n g t h  sequences  of  l e n g t h  l e s s  th a n  1023 b i t s  i s  e x t r e m e l y  
l i m i t e d ,  and i n s u f f i c i e n t  t o  prov ide  a s u f f i c i e n t l y  l a r g e  number of 
a d d r e s s  c o d e s .  However ,  t h i s  g a i n  i n  t h e  num ber  o f  a d d r e s s  c o d e s  
w o u l d  be l o s t  i f  t h e  a u t o - c o r r e l a t i o n  an d  c r o s s - c o r r e l a t i o n  
p r o p e r t i e s  were  s i g n i f i c a n t l y  worsened.  F o r t u n a t e l y ,  i t  i s  p o s s i b l e  
t o  s e l e c t  Gold code sequences  i n  which t h e  c o r r e l a t o r  p r o p e r t i e s  of  
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i n  a way w h ic h  w o u ld  be i m p o s s i b l e  t o  o b t a i n  by m a x im a l  l e n g t h  
sequences .
Gold [35] h a s  g iven  an a l g o r i t h m  f o r  s e l e c t i n g  t h e  f eed b a ck  t a p s  
t o  ach i e v e  p r e f e r r e d  Gold sequences  ( i . e .  t h o s e  w i t h  the b e s t  c r o s s ­
c o r r e l a t i o n  p e r f o r m a n c e )  an d  h a s  f u r t h e r  shown t h a t  t h e  c r o s s ­
c o r r e l a t i o n  f u n c t i o n  o f  t h e s e  p r e f e r r e d  s e q u e n c e s  i s  t h r e e  v a l u e d .  
For t h e se  sequences  t h e  peak c r o s s - c o r r e l a t i o n  v a lu e  be tween t h e  two 
g e n e r a t i n g  maximal sequences  a and b i s :
( ^ )
'*'ab (T )c ro s s  ^   ̂ + 1 f o r  n odd
( ^ )
'*'ab ( f )  c ro s s  ^   ̂ + 1 f o r  n even
and  t h e  t h r e e  c r o s s  c o r r e l a t i o n  v a l u e s  f o r  t h e  r e s u l t i n g  G o ld  code  
a r e  f o r  n odd :
n+1 n+1
~T~ 2-1  , -  (2 + 1 )  and (2 + 1)
I n  o t h e r  words t h e  peak c r o s s - c o r r e l a t i o n  i s  no worse  t h a n  t h e  c r o s s  
c o r r e l a t i o n  v a lu e  of the  two g e n e r a t i n g  sequences .
U n fo r tu n a te ly ,  because  t h e  Gold sequences  a r e  non maximal ,  t h e  
a u t o - c o r r e l a t i o n  f u n c t i o n  i s  n o t  two va lued ,  b u t  f o u r  va lued .
T h r e e  o f  t h e s e  v a l u e s  a r e  i d e n t i c a l  t o  t h e  t h r e e  c r o s s  
c o r r e l a t i o n  v a l u e s ,  and th e  f o u r t h  i s  the  normal a u t o c o r r e l a t i o n  peak 
of  unno rm a l i sed  v a l u e :
2 ^ 1
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Thus ,  a l t h o u g h  t h e  c r o s s  c o r r e l a t i o n  v a l u e  i s  n o t  w o r s e n e d ,  t h e  
" i n d e x  o f  d i s c r i m i n a t i o n "  i s  l o w e r  f o r  t h e  c a s e  of  t h e  G old  code .  
The in d e x  of  d i s c r i m i n a t i o n  i s  d e f in e d  h e r e  a s  t h e  d i f f e r e n c e  between 
the  magnitude  of the peak a u t o c o r r e l a t i o n  v a l u e  and the  magnitude  of 
t h e  w o r s t  c a s e  a u t o c o r r e l a t i o n  s i d e  l o b e .  A l th o u g h  n o t  a s e r i o u s  
d r a w b a c k ,  when co m p a re d  w i t h  t h e  a d v a n t a g e  o f  a  l a r g e  number  of  
d i f f e r e n t  sequences,  r e d u c t i o n  of  the  index  o f  d i s c r i m i n a t i o n  r e d u c e s  
the system p ro c e s s in g  ga in ,  and the  a b i l i t y  to  s y n c h ro n i s e  i n  no isy  
c o n d i t i o n s  [39].
JPL r a n g i n g  c o d e s  [ 3 6 ] :  t h e  c o n f i g u r a t i o n  o f  JPL r a n g i n g  code  i s  
i d e n t i c a l  t o  t h a t  o f  t h e  G o ld  code  e x c e p t  f o r  t h e  d i f f e r e n c e  i n  t h e  
i n d i v i d u a l  code l e n g t h s .  The JPL codes  a r e  c o n s t r u c t e d  from two or 
more maximal l e n g t h  sequences  whose l e n g t h s  a r e  r e l a t i v e l y  pr ime t o  
one a n o t h e r ,  t h e  o u t p u t  o f  w h ic h  a r e  m o d u l o - 2  ad d e d  t o  f o r m  t h e  
r e s u l t i n g  s e q u e n c e ,  a s  shown i n  F i g u r e  1.18.  The JPL c o d e ' s  l e n g t h  
i s  e q u a l  t o  t h e  p r o d u c t  o f  t h e  i n d i v i d u a l  code l e n g t h s .  The 
a d v a n t a g e  o f  t h i s  t e c h n i q u e  i s  t h a t  t h e  o v e r a l l  code  l e n g t h  can  be 
very  long,  which i s  u s e f u l  f o r  p ro v id i n g  unambiguous i n f o r m a t i o n  of  
range  over  very  lo n g  d i s t a n c e s .  The o t h e r  advan tage  of t h e  JPL code 
i s  t h a t  b e c a u s e  i t  i s  c o m p o s e d  o f  t w o  s h o r t e r  s e q u e n c e s  
s y n c h r o n i s a t i o n  of  t h e  r e c e i v e r  can  be a c c o m p l i s h e d  by s e p a r a t e  
o p e r a t i o n s  on t h e  co m p o n e n t  c o d e s  w h i c h  a r e  much s h o r t e r  t h a n  t h e  
o v e r a l l  l e n g t h  o f  t h e  JPL code .  T h i s  t y p e  o f  s e q u e n c e  i s  u s e d  
e x c l u s i v e l y  f o r  r a n g in g  a p p l i c a t i o n s  and th u s  t h e  c r o s s  c o r r e l a t i o n  
performance  i s  no t  im p o r ta n t .
C o m p o s i t e  o r  " K r o n e o k e r "  s e q u e n c e s  [37» 3 8 ] :  T h es e  s e q u e n c e s  a r e  
s i m i l a r  t o  t h e  JPL s e q u e n c e s  i n  t h a t  t h e y  u s e  two s e q u e n c e s  e x c e p t
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t h a t  f o r  c o m p o s i t e  s e q u e n c e s  t h e  c l o c k  r a t e  o f  one i n d i v i d u a l  
sequence  i s  s low er  than  the  o t h e r  i n d i v i d u a l  sequence by the  l e n g t h  
o f  t h e  l a t t e r .  I n  o t h e r  w o r d s ,  one e n t i r e  b i t  o f  t h e  s lo w ,  o u t e r ,  
s e q u e n c e  i s  m o d u lo -2  m u l t i p l i e d  by a much h i g h e r  s p e e d  code  t o  
produce  a l o n g  h i ^  speed code. These sequences  w i l l  be e x p l a i n e d  i n  
d e t a i l  i n  Chapter  Five a s  w e l l  a s  t h e i r  p r o p e r t i e s  and advan tages .
The o t h e r  type of sequence a p p l i c a t i o n s  found i n  m u l t i p l e  a c c e s s  
s y s t e m s  i s  t h e  f a m i l y  o f  B a r k e r  c o d e s  [ 4 0 ] .  These c o n s i s t  of  a 
f i n i t e  number of ±_ symbols and have  unique  p r o p e r t i e s  i n  t h a t  t h e i r  
a p e r i o d i c  c o r r e l a t i o n  v a l u e s  a r e  + 1 /L ,-where  L i s  t h e  code  l e n g t h .  
H owever ,  t h e r e  a r e  only a few known B a r k e r  c o d e s ,  and t h e s e  c a n  be 
found i n  [41].
1.6 AUTO- AND CROSS-CORRS.ATIOH OF CODES
I n  t h e  d e s i g n  o f  s p r e a d - s p e c t r u m  s y s t e m s ,  b o th  t h e  a u t o ­
c o r r e l a t i o n  and  c r o s s - c o r r e l a t i o n  p r o p e r t i e s  o f  t h e  c o d e s  a r e  o f  
v i t a l  im p o r ta n c e  when d e t e r m i n i n g  t h e  p e r f o r m a n c e  of  a m u l t i - u s e r  
system. F ur therm ore ,  s in c e  t h e  power spec trum of a  s i g n a l  i s  r e l a t e d  
t o  i t s  a u t o - c o r r e l a t i o n  f u n c t i o n  v i a  t h e  W i e n e r - K i n t c h i n e  
r e l a t i o n s h i p  [ 3 0 ]  k n o w le d g e  o f  t h e  a u t o - c o r r e l a t i o n  f u n c t i o n  o f  a  
s e q u e n c e  can  be u s e d  t o  d e t e r m i n e  t h e  f r e q u e n c y  s p e c t r u m  of  t h e  
s i g n a l .
F a c t o r s  such  a s  t h e  code t y p e ,  l e n g t h  and b i t  r a t e  a l l  a f f e c t  
the  c o r r e l a t i o n  p r o p e r t i e s  of  the  code. Consequent ly ,  the  spec t rum  
o f  d a t a  m o d u l a t e d  by a m a x im a l  s e q u e n c e  w i l l  be c o n s i d e r a b l y  
d i f f e r e n t  f r o m  d a t a  m o d u l a t e d  by a G o ld  code  o r  JPL code .  T h i s  may 
have i m p o r t a n t  consequences i n  system des ign .
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1 .6 .1  A u t o - C o r r e l a t i o n  F u n c t io n
The a u t o - c o r r e l a t i o n  f u n c t i o n  o f  a w a v e fo rm  i s  d e f i n e d  a s  t h e  
t im e  average  of th e  waveform m u l t i p l i e d  by a t im e  s h i f t e d  v e r s i o n  of  
i t s e l f .  T he re fo re ,  i t  i s  a f u n c t i o n  of  th e  t i m e  s h i f t ,  t .  Where t h e  
waveforms a r e  of b ina ry  type,  t  can be, f o r  conven ience  r e p l a c e d  by 
t h e  num ber  o f  b i t s  d i s p l a c e d .  I t  c a n  be s a i d  t h a t  t h e  t i m e  a v e r a g e  
o f  t h e  w a v e fo rm  i s  r e a l l y  a m e a s u r e  o f  t h e  DC c o m p o n e n t ,  o r  f o r  a 
b in a ry  waveform, t h e  im ba lance  be tween t h e  number of ones and z e r o s .
A u t o - c o r r e l a t i o n  i n  g e n e ra l  i s  d e f in e d  a s  th e  i n t e g r a l :
l i m i t  I  f ( t ) f ( t + T ) d t  
t  —  »
which  i s  a  measure of  how s i m i l a r  the  s i g n a l  i s  t o  i t s  jpdiase s h i f t e d  
r e p l i c a .  To g e t  a  r e p r e s e n t a t i o n  o f  t h e  c o r r e l a t i o n  b e t w e e n  tw o  
b ina ry  waveforms,  or  sequences,  the p roduc t  (or  f o r  s i m p l i c i t y ^  sake  
t h e  modulo-2 a d d i t i o n )  o f  th e  sequence i s  t aken ,  b i t - b y - b i t .  I t  w i l l  
be n o t e d  t h a t  a n  a g r e e m e n t  l e a d s  t o  a z e r o  an d  a d i s a g r e e m e n t  t o  a  
one.
The c o r r e l a t i o n  ^ be tween  t h e  sequences  i s  t h e n  g iv e n  by:
Y = number of  z e r o s  -  number of ones
The n o r m a l i s e d  f o r m  Y* i s  s o m e t i m e s  u s e d  t o  e x p r e s s  t h e  
c o r r e l a t i o n ,  w h e r e  Y i s  d i v i d e d  by t h e  t o t a l  number  o f  b i t s  i n  t h e  
s e q u e n c e  [ 3 0 ] ,  i . e .
number of  z e r o s  -  number of  ones
Y» =     1 .29
number of  z e r o s  + number of  ones
There fo re ,  f o r  z e ro  s h i f t  be tween two sequences
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and f o r  th e  case of  maximal l e n g t h  sequences  f o r  a  s h i f t  o t h e r  t h a n  
z e r o  o r  m u l t i p l e  of p e r i o d i c  l e n g t h
Y ’ z —L w h e r e  L i s  t h e  code  l e n g t h  z 2^  -  1
L
As an  example,  c o n s id e r  a t h r e e  s t a g e  s h i f t  r e g i s t e r  g e n e r a t i n g  
a maximal l e n g t h  sequence of  p e r io d  T b i t s .  The a u t o c o r r e l a t i o n  f o r  
a l l  s h i f t s  of the sequence i s  g iven  below:
R e f e r e n c e  s e q u e n c e :  1 1 1 0  0 1 0
S h i f t  Sequence 
1 0 1 1 1 0 0 1
2 1 0 1 1 1 0 0
3 0 1 0 1 1 1 0
4 0 0 1 0 1 1 1
5 1 0 0 1 0 1 1
6 1 1 0 0 1 0 1
0 1 1 1 0 0 1 0
Agreements D isag reem en ts  A-D
I t  i s  t o  be n o t e d  t h a t  A-D ( n e t  c o r r e l a t i o n )  i s  - 1  f o r  a l l  
s h i f t s  e x c e p t  ze ro  s h i f t  or synchronous  c o n d i t i o n ,  and 2^  -  1 =7 f o r  
z e r o  s h i f t  c o n d i t i o n .  A l l  m a x i m a l  s e q u e n c e s  h a v e  t h i s  
c h a r a c t e r i s t i c .  The c o r r e l a t i o n  i n c r e a s e s  or  d e c r e a s e s  l i n e a r l y  i n  
t h e  r e g i o n  be tween z e r o  and p l u s  o r  minus one b i t  s h i f t  r e s p e c t i v e l y  
so t h a t  the  a u t o c o r r e l a t i o n  f u n c t i o n  f o r  an m-sequence i s  t r i a n g u l a r
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0 s h i f t
Index o f  d i s c r im i n a t i o n
2 33 2 1
a)
0 s h i f t
Index o f  d i s c r im i n a t i o n
b)
Figure 1.19 Auto-correlation function
a) Maximal sequence.
b) Gold sequence.
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a s  shown i n  F igu re  1.19(a) . S i m i l a r l y  the  a u t o - c o r r e l a t i o n  f u n c t i o n  
of o t h e r  ty p e s  of sequences can be c a l c u l a t e d .  A t y p i c a l  example of 
Gold sequences  i s  shown i n  F ig u re  1.19 (b).
1.6.2 C ross-C orrelation F u n ctio n
C r o s s - c o r  r e l a t i o n  i s  t h e  m e a s u r e  o f  s i m i l a r i t y  b e t w e e n  tw o  
d i f f e r e n t  code sequences,  which i s  q u i t e  u s e f u l  i n  d e s ig n i n g  a s p read  
spec t rum  system where t h e  r e c e i v e r  i s  n o t  a l lo w e d  t o  r e s p o n d  t o  any 
s i g n a l ,  o t h e r  t h a n  t h e  p r o p e r  a d d r e s s i n g  s e q u e n c e .  The g e n e r a l
i n t e g r a l  f o r  c r o s s - c o r r e l a t i o n  i s :
T
Y ( t ) = l i m i t  f f ( t )  g ( t + T ) d tcross 2T /
t  — ►oo
I n  s p r e a d  s p e c t r u m  s y s t e m s  t h e  e f f e c t  o f  c r o s s - c o r r e l a t i o n  
between th e  l o c a l  code and the  code of the  u n d e s l r e d  s i g n a l  m a n i f e s t s  
i t s e l f  a s  a  p a r t  o f  t h e  i n t e r f e r e n c e  s i g n a l  pow er  a p p e a r i n g  a s  a n  
u n s p r e a d  c o m ponen t  I n  t h e  r e c e i v e r .  F i g u r e  1 .9 (b )  sh o w s  how t h e  
s i g n a l  a p p e a r s  i n  t h e  d a t a  b a n d w i d t h  I n s t e a d  o f  b e i n g  s p r e a d  a s  a 
n o i s e  l i k e  s i g n a l .  T h i s  r e s u l t s  i n  tw o  e f f e c t s ,  f i r s t ,  " c o h e r e n t "  
i n t e r f e r e n c e  may be c a u s e d  by t h e  u n s p r e a d  s i g n a l  t o  t h e  w a n t e d  
s i g n a l  and the re by  lo w e r  the  performance ,  second,  f a l s e  c o r r e l a t i o n s  
may occur  when th e  l o c a l  r e c e i v e r  i s  t r y i n g  t o  s y n c h ro n iz e  w i t h  th e  
w a n t e d  s i g n a l ,  and  t h u s  d e l a y  o r  even  s t o p  t h e  d e s i r e d  s i g n a l  f r o m  
be in g  d e t e c t e d  [30].
From exam ina t ion  of  th e  sequences  produced  by th e  modulo-2 sum 
o f  t h e  two s e q u e n c e s  u n d e r  c o n s i d e r a t i o n ,  t h e  d e g r e e  t o  w h i c h  co d e  
sequences  s u f f e r  from unwanted c r o s s - c o r r e l a t i o n  can be c a l c u l a t e d .
The f o l l o w i n g  i s  an  example of the n o r m a l i s e d  c r o s s - c o r r e l a t i o n  
f u n c t i o n  t h a t  h a s  been  g e n e r a t e d  by a t h r e e  s t a t e s  and  tw o  s t a g e s
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s h i f t  r e g i s t e r  f o r  two s im p le  m-sequences :
F i r s t  sequence
(n = 3, 2% -  1 = 7) 1 1 1  0 1 0 0
Second sequence
(n = 2,  2 "  -  1 z 3) 1 1 0
The two sequences  a r e  now compared w i t h  b i t - b y - b i t  u n t i l  both 
sequences  have  r e p e a t e d  e x t r a  number of t im es .  Th is  w i l l  o ccu r  a f t e r  
3 X 7 = 21 b i t s .
F i r s t  sequence 1 1 1 0 1 0 0 1 1 1 0 1  0 0 1 1 1 0 1 0 0  
Second sequence 1 1 0 1 1 0 1 1 0 1 1 0 1 1 0 1 1 0 1 1 0  
Mod-2 sum 0 0 1 1 0 0 1 0 1 0 1 1 1 1 1 0 0 0 0 1 0
number o f  z e r o s  i n  mod-2 sum = 11 
number of  ones i n  mod-2 sum = 10
. ,  ̂ 11-10  ^
' *  11+10  21
The above c a l c u l a t i o n  shows t h e  v a l u e  of  th e  c r o s s - c o r r e l a t i o n  
f u n c t i o n  f o r  t h e  two s e q u e n c e s  t o  be v e r y  s m a l l  an d  i n v a r i a n t  f o r  
a l l  c y c l i c  s h i f t s .  I n  f a c t  I t  c a n  be shown t h a t  f o r  any tw o su c h  a s  
t h o s e  I n  t h e  e x a m p l e ,  t h a t  h a v e  l e n g t h s  t h a t  c o n t a i n  no common 
f a c t o r s ,  t h e i r  c r o s s - c o r r e l a t i o n  f u n c t i o n  i s  r e l a t i v e l y  sm a l l .  Such 
s e q u e n c e s  a r e  t e r m e d  " r e l a t i v e l y  p r im e " .  I n  p r a c t i c a l  s p r e a d  
spect rum s ys tem s  i t  i s  o f t e n  nece ssa ry  t o  choose a  common code l e n g t h  
f o r  a l l  s i g n a l s ,  so c a r e  m u s t  be t a k e n  i n  c h o o s i n g  a s e t  o f  c o d e s  
t h a t  h a v e  good m u t u a l  c r o s s - c o r r e l a t i o n  p r o p e r t i e s .  Even i f  t h e
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sequence l e n g t h  i s  a prime number t h e r e  can be no g u a ra n t e e  t h a t  th e  
c r o s s - c o r r e l a t i o n  f u n c t i o n  f o r  a p a r t i c u l a r  s e t  of sequences  w i l l  be 
s m a l l .  No g en e ra l  method of  p r e d i c t i n g  t h e  ex a c t  c r o s s - c o r r e l a t i o n  
behav iou r  a p p e a r s  t o  e x i s t  a t  the  p r e s e n t  t im e  [30,  35].
T h e  q u o t i e n t  o f  a u t o - c o r r e l a t i o n  f u n c t i o n  (;6 0 ) t o  
a u t o c o r r e l a t i o n  f u n c t i o n  (0) f o r  Gold sequences  o f  l e n g t h  2 ^ - 1  i s  
l e s s  th a n
f o r  n odd
2^-1
^ (n+ 2) /2  f o r  n even
2^-1
The same bounds  a r e  v a l i d  f o r  t h e  c r o s s - c o r r e l a t i o n  c o e f f i c i e n t  
between d i f f e r e n t  Gold sequences .
For  m a x im a l  l e n g t h  s e q u e n c e s ,  t h e  bounds  a r e :  t h e  q u o t i e n t  o f  
a u t o - c o r r e l a t i o n  f u n c t i o n  (^0) t o  a u t o - c o r r e l a t i o n  f u n c t i o n  (0) f o r  a 
sequence of  l e n g t h  2^-1  i s :
2 I __
2 * - l
1.7 MODULATION OF THE SPREAD DATA ONTO THE RF CARRIER
A f t e r  s p r e a d i n g  t h e  b a s e b a n d  d a t a  by t h e  h i g h  s p e e d  code  i t  i s  
n e c e s s a r y  t o  m o d u l a t e  t h i s  s i g n a l  w i t h  t h e  RF c a r r i e r  p r i o r  t o  
t r a n s m is s i o n .  D i r e c t  sequence  modula ted  s p r e a d  spec t rum sy s tem s  a r e  
q u i t e  s i m i l a r  i n  many ways t o  more co n v e n t io n a l  d i g i t a l  communica tion  
systems.  Th^r employ:
i ) .  A m p litu d e  S h i f t  K ey in g  (ASK): I n  t h i s  t y p e  o f  m o d u l a t i o n  t h e
c a r r i e r  a m p l i tu d e  i s  sw i tch ed  between th e  two o r  more v a l u e s ,  u s u a l l y  
ON o r  OFF f o r  b i n a r y  s i g n a l .  The r e s u l t a n t  m o d u l a t e d  s i g n a l  t h e n
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Element va lue  
Baseband s igna l
(a )  ASK s igna l
(b)  FSK s i gna l
( c )  PSK s i gn a l
Figure 1.20 Basic types of modulation
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c o n s i s t s  o f  r a d i o  f r e q u e n c y  p u l s e s  o r  m a rk s ,  r e p r e s e n t i n g  b i n a r y  1 
and s p a c e s  of  z e r o  a m p l i t u d e  r e p r e s e n t i n g  b in a ry  0,
11)  F r e q u e n c y  S h i f t  K e y in g  (FSK): I n  f r e q u e n c y  s h i f t  k e y i n g ,  t h e  
i n s t a n t a n e o u s  f requency  of  the  c a r r i e r  s ig n a l  i s  sw i tc h e d  between two 
(or  more) v a l u e s  i n  r e sp o n se  to  t h e  h i ^  speed code. The b in a ry  FSK 
s i g n a l  i s  c l e a r l y  t h e  sum o f  two c o m p l e m e n t a r y  ASK s i g n a l s  of  
d i f f e r e n t  c a r r i e r  f r e q u e n c i e s .  There i s  no phase cdiange h e r e  i n  t h e  
s ig n a l  c a r r i e r  a t  the boundary between two s i g n a l - e l e m e n t s .
i l l )  P h a s e  S h i f t  K e y in g  (PSK): Here,  th e  phase modu la ted  s i g n a l  u s e s  
the same c a r r i e r  f requency  f o r  th e  two b ina ry  e l e m e n t s ,  w i t h  a phase 
d i f f e r e n c e  of  tt r ad  be tween  t h e  c a r r i e r s  of  t h e  two e l e m e n t s .  This  
i s  a l s o  a s u p p r e s s e d  c a r r i e r  ASK s i g n a l ,  w h o se  two b i n a r y  e l e m e n t s  
a r e  n e g a t i v e s  t o  each o th e r .  Other  ty p e s  o f  PSK m o d u l a t i o n  in c lu d e  
q u a d r a t u r e  phase s h i f t  key ing  QPSK i n  which  the  c a r r i e r  f r eq u en cy  i s  
s u b j e c t  t o  s h i f t s  o f  0, t t / 2 ,  it and 3 V 2  r a d .  The QPSK m o d u l a t i o n
can be v i e w e d  a s  t h e  sum o f  tw o  BPSK s i g n a l s  i n  p h a s e  q u a d r a t u r e .  
The t h r e e  m o d u la t io n  methods a r e  i l l u s t r a t e d  i n  F i g u r e  1.20.
I n  a s p r e a d  s p e c t r u m  s y s t e m ,  t h e  m a in  c o n c e r n  i n  c h o o s i n g  a 
m o d u la t ion  s i g n a l  i s  t h e  d i s t r i b u t i o n  o f  power s p e c t r a l  d e n s i t y  over 
the  bandwidth.
1.7*1 The Spectrum  o f  th e  T ra n s m itte d  Sequence M odulated  D ata :
The unwanted s id e l o b e  energy  was  found t o  be d i f f e r e n t  from one 
ty p e  o f  m o d u l a t i o n  t o  a n o t h e r  [4 2 ,  4 3 ] .  F i g u r e  1 .21  s h o w s  t h e  one 
s i d e d  s p e c t r u m  of  t h r e e  t y p e s  o f  m o d u l a t e d  s i g n a l s  : QPSK, BPSK and  
MSK. H ere ,  MSK (minimum s h i f t  k e y i n g )  w i l l  r e f e r  t o  t h e  g e n e r i c  
f a m i ly  of s i g n a l s  f o r  which :
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1) The m o d u la t in g  p u lse  i s  sym m e tr ica l  about  t=T/2 ,  0 o th e rw i s e .
2) The m o d u l a t e d  c a r r i e r  h a s  a c o n s t a n t  e n v e l o p e .  S i g n a l s  s u c h  a s  
ASK and FSK a r e  r e l a t e d  t o  th e  MSK*s f a m i ly .
Of the  s i g n a l s  a v a i l a b l e ,  the  MSK-like s i g n a l s  appear  t o  be t h e  
m o s t  p r o m i s i n g .  They o f f e r  tw o s i g n i f i c a n t  a d v a n t a g e s .  F i r s t l y ,  
t h e i r  i n h e r e n t  reduced  s id e l o b e  energy  l e v e l s ,  when compared t o  BPSK 
an d  QPSK m o d u l a t e d  s i g n a l .  S e c o n d l y  t h e  MSK f a m i l y  o f  s i g n a l s  h a s  
minimal i n c i d e n t a l  am p l i t u d e  m odu la t ion ,  so t h a t  they  can be f i l t e r e d  
and  t h e n  p a s s e d  t h r o u g h  non l i n e a r  p r o c e s s i n g  w i t h o u t  s i g n i f i c a n t  
r e g e n e r a t i o n  of  t h e  o r i g i n a l  s i d e l o b e  s t r u c t u r e .  BPSK a n d  QPSK 
s i g n a l s  h a v e  100  p e r c e n t  i n c i d e n t a l  AM t h a t  c a n n o t  be r e d u c e d  by 
f i l t e r i n g ,  and n o n - l i n e a r  p r o c e s s in g  r e c o n s t r u c t s  the  s i d e l o b e s  a s  i f  
they  were never  reduced  [42].
R e f e r r i n g  t o  F ig u r e  1.21, i t  i s  s een  t h a t  t h e  f i r s t  n u l l  i s  a t  a  
f requency  of  1/2T h e r t z  f o r  QPSK, 0.75/T h e r t z  f o r  MSK, and 1 /T  h e r t z  
f o r  BPSK. The n u l l  t o  n u l l  b a n d w i d t h s  f o r  t h e  b a n d p a s s  s p e c t r a  a r e  
tw ic e  t h e s e  v a lu es .  I t  w i l l  a l s o  be no ted  t h a t  the  s i d e l o b e s  f o r  MSK 
f a l l  o f f  a t  a  r a t e  of  12 dB per  oc tave ,  w h i l e  t h e  s i d e l o b e s  f o r  BPSK, 
QPSK f a l l  o f f  a t  h a l f  t h i s  r a t e .
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X -60
f r e q u e n c y / b i t  ra t e
Figure 1.21. Power spectra for QPSK, MSK, and BSK
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SYNCHRONISATION AND TRACKING OF SPREAD SPECTRUM SYSTEM
2 .1  INTRODOCTION
I n  s p re a d  spect rum communica tions ,  i n i t i a l  code s y n c h r o n i s a t i o n  
and  m a i n t e n a n c e  o f  code  s y n c h r o n i s a t i o n  p l a y s  a v i t a l  r o l e  i n  t h e  
s e p a r a t i o n  o f  w a n t e d  and  u n w a n t e d  s i g n a l s ,  s i n c e  t h e  p h a s e  o f  t h e  
l o c a l l y  g e n e r a t e d  code i n  th e  r e c e i v e r  i s  the key t o  the  d e s p re a d in g  
p r o c e s s .  A l th o u g h  t h e  r e q u i r e m e n t s  o f  t h e  f r e q u e n c y  h o p p i n g  and  
d i r e c t  sequence sys tems ,  w i t h  r e s p e c t  to  s y n c h r o n i s a t i o n ,  a r e  b road ly  
s i m i l a r ,  t h e r e  i s  m ore  f l e x i b i l i t y  i n  t h e  c a s e  o f  t h e  f o r m e r .  I n  
c h i r p  s y s t e m s ,  h o w e v e r ,  t h e  s y n c h r o n i s a t i o n  d o e s  n o t  e x i s t  i n  t h e  
sam e  m a n n e r ,  b u t  on a p u l s e - b y - p u l se  b a s i s .  T h i s  i s  b e c a u s e  t h e  
c h i r p  s y s t e m s  h a v e  a d i s p e r s i v e  f i l t e r  i n  t h e  r e c e i v e r  a n d  t h i s  
p r o v i d e s  r a p i d  p u l s e  c o r r e l a t i o n  [1 ] .
For th o s e  s y s tem s  which employ code sequences,  t h e  r e c e i v e r  must 
r e c o g n i s e  b o t h  t h e  b i t  r a t e  and  t h e  f r a m e  o f  t h e  r e c e i v e d  w a n t e d  
s i g n a l  v e r y  r a p i d l y  and t h e n  g e n e r a t e  a r e p l i c a  o f  i t  b e f o r e  any 
communica tion  can take  p lace  over th e  l i n k .  U sua l ly  t h i s  p r o c e s s  i s  
a c c o m p l i s h e d  w i t h  two m a i n  a s s o c i a t e d  c r i t e r i a  : i )  u s u a l l y  no a  
p r i o r i  i n f o r m a t i o n  abou t  th e  r e c e i v e d  code phase i s  a v a i l a b l e  t o  the  
s p r e a d  spec t rum  r e c e i v e r ;  i i )  a s  a sp read  spec trum system i s  i n t e n d e d  
to  be o p e r a t e d  i n  a m u l t i p l e  a c c e s s  mode, th e  r e c e i v e r  h a s  to  per fo rm 
u n d e r  c o n d i t i o n s  o f  e x t r e m e l y  poor  s i g n a l  t o  n o i s e  r a t i o s ,  u s u a l l y  
c o n s i d e r a b l y  l e s s  than  0 dB.
The p r o b l e m  of s y n c h r o n i s a t i o n  i n  s p r e a d  s p e c t r u m  s y s t e m s  i s  
u n d o u b t e d l y  t h e  h a r d e s t  and  t h e  m o s t  c r i t i c a l  p a r t  o f  t h e  s y s t e m ,  
e s p e c i a l l y  i f  t h e  t r a n s m i t t e r  a n d / o r  r e c e i v e r  a r e  n o t  f i x e d  b u t
-  79 -
m o v in g  a t  a h i g h  s p e a d ,  w h e r e  t h e  D o p p l e r  f r e q u e n c y  o f f s e t  h a s  a 
s i g n i f i c a n t  i n f l u e n c e  on the  t i m in g  of  the  system. The o t h e r  major  
problem i s  t h e  l e n g t h  of  t h e  pseudo n o i s e  sp read  code. As most  spread  
spec t rum  u s e r s  t e n d  t o  use  very  lo n g  sequences ,  f o r  r e a s o n s  d i s c u s s e d  
e a r l i e r ,  a c q u i s i t i o n  o f  s y n c h r o n i s a t i o n  c an  be a v e r y  l e n g t h y  
p ro c e s s .
The p robi  ans  can be d iv id e d  i n t o  two p a r t s :
-  I n i t i a l  s y n c h r o n i s a t i o n
-  T rack ing .
2.2  INITIAL SYNCHRONISATION (ACQUISITION)
T h is  i s  the  mechanism by which  the  b i t  r a t e  and the  f rame of  the  
r e c e i v e d  s i g n a l  i s  d e t e c t e d  i n i t i a l l y  by t h e  r e c e i v e r .  Th is  p ro ces s  
may in v o l v e  a p r e l i m i n a r y  co a r se  s y n c h r o n i s a t i o n  procedure  fo l l o w e d  
by a f i n e  s y n c h r o n i s a t i o n  system. U l t i m a t e  phase s y n c h r o n i s a t i o n  t o  
b e t t e r  th a n  10” ^ b i t  shou ld  be p o s s i b l e  i n  n o i s e  f r e e  env i ronments .
Many t e c h n i q u e s  f o r  a c h i e v i n g  i n i t i a l  s y n c h r o n i s a t i o n  h a v e  
e v o l v e d ,  some w i t h  s i m p l e  r e q u i r e m e n t s ,  o t h e r s  w i t h  c o m p lex  
i m p l e m e n t a t i o n s  f o r  b o t h  d i r e c t  s e q u e n c e  and  f r e q u e n c y  h o p p i n g  
sys tems .  Most of  t h e se  t e c h n iq u e s  use  e i t h e r  an a c t i v e  c o r r e l a t o r  or  
p a s s i v e  c o r r e l a t o r  a t  t h e  h e a r t  of th e  system.
The main d i f f e r e n c e s  be tween an a c t i v e  and a p a s s iv e  c o r r e l a t o r  
l i e  i n  t h e  form of the  r e f e r e n c e  pseudo n o ise  sequence g e n e r a t e d  i n  
t h e  r e c e i v e r .  I n  t h e  f o r m e r ,  a s y n c h r o n o u s  r e p l i c a  o f  t h e  p s e u d o  
n o i s e  s e q u e n c e  i s  g e n e r a t e d  a s  a  r e a l  t i m e  w a v e f o r m  f o r  
m u l t i p l i c a t i o n  w i t h  t h e  r e c e i v e d  s i g n a l  and  t h e  r e s u l t i n g  s i g n a l  
f i l t e r e d  t o  a round t h e  d a t a  bandwidth or i n t e g r a t e d  over  th e  d a t a  b i t
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d u r a t i o n  to  approx im ate  the  c o r r e l a t i o n  of the  two s i g n a l s .  In the  
p a s s iv e  c o r r e l a t o r  however, the  r e c e i v e d  s ig n a l  i s  m u l t i p l i e d  by a 
f i x e d  r e f e r e n c e  copy o f  t h e  p seudo  n o i s e  s e q u e n c e  em bedded  i n  t h e
t r a n s f e r  f u n c t i o n  of  a matched f i l t e r  and the  r e s u l t  i n t e g r a t e d  over 
t h e  d a t a  b i t  du ra t ion .
Some of the  methods used i n  t h e s e  t e c h n iq u e s  a r e  l i s t e d  below:
-  S e r i a l  s y n c h r o n i s a t i o n
-  S y n c h r o n i s a t i o n  preambles
-  T r a n s m i t t e d  r e f e r e n c e  method
-  U n iv e r s a l  t im in g
-  B u r s t  s y n c h r o n i s a t i o n
-  S e q u e n t i a l  e s t i m a t i o n
-  S p e c i a l  coding f o r  a c q u i s i t i o n  o f  s y n c h r o n i s a t i o n
-  S y n c h r o n i s a t i o n  by a m i c r o p r o c e s s o r  c o n t r o l  system
-  Techniques  employing tapped  de lay  l i n e .
2.2.1 S e r ia l  S y n c h r o n is a t io n
By f a r  the  most commonly used s y n c h r o n i s a t i o n  t e c h n iq u e s  a r e  th e  
s e r i a l  s ea rch  techn iques .  Any s y c h r o n i s a t i o n  schem e t h a t  o p e r a t e s  
i t s  code  s e q u e n c e  a t  a r a t e  d i f f e r e n t  f r o m  t h e  t r a n s m i t t e r ' s  code 
g e n e r a t o r  i s  c l a s s i f i e d  a s  a s e r i a l  s y n c h r o n i s a t i o n  s y s t e m ,  o r  i s  
s a i d  t o  use  s e r i a l  s e a r c h  [ 2 ] .  I n  t h i s  t e c h n i q u e  t h e  tw o  code  
s e q u e n c e s  s l i p  i n  p h a s e  a t  a c o n s t a n t  r a t e  w i t h  r e s p e c t  t o  e a c h  
o t h e r ,  s t o p p i n g  o n l y  when t h e  s y n c h r o n i s a t i o n  p o i n t  i s  r e a c h e d ,  a s  
shown i n  the  f low diagram of F ig u re  2.1(a) . Because of  the n a tu re  of 
t h e  p seudo  n o i s e  code  i n v o l v e d ,  w h ic h  g i v e s  r i s e  t o  t h e  tw o  l e v e l  
a u t o - c o r r e l a t i o n  f u n c t i o n s  (shown i n  F i g u r e  2 .1b )  t h e  r e c e i v e r  
e x a m i n e s  a l l  p o s s i b l e  code p hase  p o s i t i o n s  u n t i l  t h e  peak  o f  t h e
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a)  Flow diagram o f  s l i d i n g - c o r r e l a t o r  synchr on i se r .
b) Block diagram.
Incoming code  




Voltage a u t o c o r r e l a t i o n  fu n c t io n  formed 
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Figure 2.1. Sliding correlator synchronizer.
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a u t o - c o r r l a t i o n  t r i a n g l e  i s  d e t e c t e d ,  a t  which th e  sea rch  i s  s topped  
and the  t r a c k i n g  c i r c u i t  i n i t i a t e d  t o  m a i n t a i n  the  r e c e i v e d  and the 
l o c a l l y  g e n e r a t e d  code sequences  i n  s y n c h r o n i s a t i o n .  I f  t h e  t r a c k i n g  
a t t e m p t  i s  cons ide red  u n s u c c e s s f u l  (on the  b a s i s  t h a t  the c o r r e l a t i o n  
v a l u e  c a n n o t  be m a i n t a i n e d )  t h e  c o a r s e  s y n c h r o n i s a t i o n  p r o c e s s  i s  
r e s t a r t e d .  T h i s  ty p e  o f  s e a r c h  p r o c e s s  i s  s o m e t i m e s  c a l l e d  a 
" s l i d i n g "  c o r r e l a t o r .  An a n a l y s i s  of  t h i s  method h a s  been developed  
by Sage  [ 3 ] .  The a d v a n t a g e  o f  t h e  s l i d i n g  c o r r e l a t o r  i s  i t s  
s i m p l i c i t y ,  s i n c e  i t  r e q u i r e s  f e w  e x t r a  c i r c u i t s  s u c h  a s  a 
c o r r e l a t o r ,  t h r e s h o l d  d e t e c t o r ,  and code f requency  c o n t r o l l e r  a s  w e l l  
a s  t h e  t r a c k i n g  c i r c u i t .  However,  t h e  p r o b le m  o f  u s i n g  a s i m p l e  
s l i d i n g  c o r r e l a t o r ,  i s  t h a t ,  when a l o n g  s e q u e n c e  i s  u s e d  t h e  
e x a m i n a t i o n  o f  a l l  p o s s i b l e  p h a s e  p o s i t i o n s  i s  v e r y  l o n g  a n d  i t  i s  
l i m i t e d  i n  r e s p o n s e  t i m e  by t h e  b a n d w i d t h  of  t h e  s y s t e m ' s  p o s t ­
c o r r e l a t i o n  r e c e i v e r .  For example,  a ^ s t e m  w i th  a p o s t - c o r r e l a t i o n  
( b a s e b a n d )  r e c e i v e r  b a n d w i d t h  o f  s a y  1 kHz c o u l d  r e c o g n i s e  
s y n c h r o n i s a t i o n  i n  a p p r o x i m a t e l y  0.35 ms (by a p p ly in g  t h e  g e n e ra l  
r i s e  t i m e - t o - b a n d w i d t h  r e l a t i o n  Tj,=0.35/BW) [1 ] ,  and the  t im e  used  t o  
s l i d e  t h r o u g h  t h e  p o i n t  o f  c o r r e l a t i o n  ( t a k i n g  i n t o  a c c o u n t  t h e  
c o r r e l a t i o n  f u n c t i o n  i s  two b i t s  i n  w id th )  should  be minimum of  t h i s  
amount.  The maximum se a rc h  r a t e  t h e n  would be ap p ro x im a te ly  2 /T^  or  
5.7 K b i t  [ 1 ] .
2 .2 .2  S y n c h ro n is a tio n  P ream bles
The s e a r c h  t i m e  i s  a n  i m p o r t a n t  p a r a m e t e r  i n  s p r e a d  s p e c t r u m  
c o m m u n i c a t i o n ,  and  t h i s  t i m e  d e p e n d s  m a i n l y  on  t h e  l e n g t h  o f  t h e  
sequence  used. Consider,  f o r  example,  a  sys tem w i th  a code sequence
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l e n g t h  of  ( 2 ^ ^ - l ) ,  o r  1 0 2 3  b i t s ,  h a v i n g  t h e  same b a n d w i d t h  and 
h e n c e  t h e  same maximum s e a r c h  r a t e ,  a s  t h e  e x a m p l e  c o n s i d e r e d  i n  
S e c t i o n  2.2.1. The search  t im e  i s :
However ,  i f  t h e  l e n g t h  o f  t h e  s e q u e n c e  i s  i n c r e a s e d  t o  ( 2 ^ 5 _ i )  o r  
32767  b i t s ,  the  search  t ime  a l s o  i n c r e a s e s  t o :
no te  t h a t  those  two search  t i m e s  a r e  c a l c u l a t e d  under  th e  a s s u m p t io n  
t h a t  the  s y n c h r o n i s a t i o n  peak i s  d e t e c t e d  i n  th e  f i r s t  pass.
In  t h e  s y n c h r o n i s a t i o n  p reamble  t e c h n iq u e ,  a  s p e c i a l  s h o r t  code 
sequence,  which  has  s p e c i a l  r a p i d  a c q u i s i t i o n  psu’a m e te r s ,  i s  used  a t  
t h e  b e g i n n i n g  o f  each  t r a n s m i s s i o n .  However ,  t h e  code p r o p e r t i e s  
w h ic h  a l l o w  t h e  p r e a m b l e  s y n c h r o n i s a t i o n  m e th o d  t o  w o r k  r a p i d l y  
c o m p ro m is e  t h e  c o r r e l a t i o n  p r o p e r t i e s  and  t h e  n o i s e  r e j e c t i o n  
p ro p e r ty  i s  worsened,  and t h i s  i n c r e a s e s  t h e  l i k e l i h o o d  of  p o s s i b l e  
f a l s e  c o r r e l a t i o n s  due t o  i n t e r f e r e n c e .  T y p i c a l  s y n c h r o n i s a t i o n  
p r e a m b l e s  r a n g e  i n  l e n g t h  f ro m  s e v e r a l  h u n d r e d  b i t s  t o  s e v e r a l  
t h o u s a n d ,  d e p e n d i n g  on t h e  s p e c i f i c  s y s t e m s  r e q u i r e m e n t s .  The 
f o l l o w i n g  f o u r  c r i t e r i a  g e n e r a l l y  s e t  t h e  l i m i t s  on t h e  p r e a m b l e ' s  
l e n g t h :  1) minimum p r e a m b l e  code  s e q u e n c e  l e n g t h  i s  b o unded  by t h e  
c r o s s - c o r r e l a t i o n  f u n c t i o n ,  2) i n t e r f e r e n c e  r e j e c t i o n  r e q u i r e m e n t s ,  
3) maximum code s e q u e n c e  l e n g t h  i s  s e t  by maximum a v a i l a b l e  
a c q u i s i t i o n  t i m e ,  an d ,  4) t h e  code  r e p e t i t i o n  r a t e  may t e n d  t o  be 
bounded by th e  preamble code l e n g t h  i n  e i t h e r  d i r e c t i o n  so t h a t  t h e  
p r e a m b l e  r e p e t i t i o n  r a t e  d o e s  n o t  f a l l  w i t h i n  t h e  i n f o r m a t i o n
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bandwidth of the  system, so t h a t  i t  could  appea r  a s  an i n t e r f e r e n c e  
s i g n a l  [ 1 ] .
2.2.3 T ra n sm itte d  R efe ren ce  Method
This  method may be used f o r  i n i t i a l  s y n c h r o n i s a t i o n ,  t r a c k i n g ,  
or both when the  r e c e i v e r  must  be a s  s im p le  a s  p o s s i b l e  [4,  5]. The 
t r a n s m i t t e r  g e n e r a t e s  t h e  code s e q u e n c e  and  t r a n s m i t s  i t  on  a 
s e p a r a t e  f r e q u e n c y  t o  t h e  r e c e i v e r  a l o n g  w i t h  t h e  s i g n a l  t o  be 
demodulated.  T he i r  c a r r i e r  f r e q u e n c i e s  a r e  o f f s e t  by an amount equa l  
t o  the  f i r s t  IF  i n  th e  r e c e i v e r  a s  shown i n  F ig u re  2.2.
Th i s  t echn ique  has  t h e  advantage of  r ed u c in g  t h e  c om plex i ty  of  
th e  r e c e i v e r  because t h e r e  i s  no need f o r  a code sequence g e n e r a t o r  
a n d  s e a r c h  o r  t r a c k i n g  c i r c u i t .  H o w e v e r ,  t h e r e  i s  a l s o  a 
d i s a d v a n t a g e  i n  t h e  t e c h n i q u e  b e c a u s e  o f  t h e  n o i s e  o r  i n t e r f e r e n c e  
w h ic h  m i g h t  be i n t r o d u c e d  i n  b o th  t h e  r e f e r e n c e  and  t h e  d e s i r e d  
s i g n a l  c h a n n e l  d u r i n g  t h e  t r a n s m i s s i o n  t h r o u g h  t h e  c h a n n e l .  T h i s  
n o i s e  and i n t e r f e r e n c e  causes  e r r o r s  a t  t h e  c o r r e l a t o r  o u tp u t  of  t h e  
r e c e i v e r  [1] .  Of course ,  i f  the  r e f e r e n c e  code i s  t r a n s m i t t e d  on ly  
t o  a c h i e v e  r a p i d  s y n c h r o n i s a t i o n  a c q u i s i t i o n  w i th  a subsequen t  s w i t c h  
t o  normal d i r e c t  sequence demodula t ion ,  s u b - sy s te m s ,  such a s  l o c a l  
sequence g e n e r a to r  and t r a c k i n g  c i r c u i t  must  a l s o  s t i l l  be in c lu d e d .
2.2.4 U n iv e rsa l T im ing
S y n c h r o n i s a t i o n  be tween a f i x e d  t r a n s m i t t e r  and r e c e i v e r  can be 
ach i e v e d  when the  t ime  of  the  day i s  known t o  the  t r a n s m i t t e r  and the  
r e c e i v e r  w i t h i n  a f r a c t i o n  of  a  s e c o n d  p r o v i d e d  t h a t  t h e  d i s t a n c e  
b e t w e e n  them r e m a i n s  c o n s t a n t  ( t o  e n s u r e  t h a t  t h e  d e l a y  due t o  














Figure 2.2. Transmitted reference synchronization method 
(direct sequence application)
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So a l l  codes used i n  t h e  network  cou ld  be s e t  t o  a c e r t a i n  s t a t e  
( f o r  e x a m p l e ,  a l l  o n e s )  d e r i v e d  f ro m  a c e r t a i n  t i m e  a n d  t h a t  s t a t e
r e n e w e d  a t  r e g u l a r  t i m e  i n t e r v a l s  o r  f o r  e v e r y  new t r a n s m i s s i o n .  
However, some form of s ea rch  and t r a c k  c i r c u i t  i s  s t i l l  n e c e s s a r y  due 
t o  t h e  v a r i a t i o n  i n  t i m e  and p r o p a g a t io n  and Doppler  s h i f t .
The u n i v e r s a l  t i m i n g  m e th o d  h a s  been  u s e d  p r i n c i p a l l y  i n  
s a t e l l i t e  c o m m u n i c a t i o n s  i n  which ephem er i s  d a t a  p ro v id e s  a c c u r a t e  
d i s t a n c e  i n f o r m a t i o n  and  a m b i g u i t y  can  be r e d u c e d  t o  t h e  p o i n t  a t  
which s ea rch  p ro c e s s e s  may be minim ised .  I f  th e  f r equency  s o u r c e s  
and p o s i t i o n  e s t i m a t i o n  methods  a r e  ve ry  a c c u r a t e ,  th e  m ob i le  u s e r  
c a n  a l s o  u s e  u n i v e r s a l  t i m i n g  m e t h o d s  f o r  s y n c h r o n i s a t i o n  and  
t r a c k in g .  Today*s techno logy  can p rov ide  t h i s  accu racy  w i t h o u t  too  
much d i f f i c u l t y  u s in g  Caesiam clocks,
2.2.5 B u rs t  S y n c h r o n is a t io n
I n s t e a d  o f  th e  method ment ioned  i n  t h e  p r e v io u s  s e c t i o n ,  i t  i s  
p o s s i b l e  t o  t r a n s m i t  a s h o r t  h i ^  speed  message  t o  in fo rm  the  s p r e a d  
spec t rum r e c e i v e r  of  t h e  code sequence and c a r r i e r  s y n c h r o n i s a t i o n .  
Once s y n c h r o n i s a t i o n  h a s  b e e n  a c h i e v e d ,  t h e  code b u r s t  i s  s w i t c h e d  
o f f  and  t r a c k i n g  code  p h a s e  t a k e s  p l a c e  a s  n o r m a l  [ 6 ] .  F i g u r e  2,3 
i l l u s t r a t e s  t h i s  te chn ique .  Depending upon th e  l o g i c a l  s t a t e  of  t h e  
c o n t r o l  in p u t  t h e  m u l t i p l e x e r  e i t h e r  p a s s e s  sequence modu la ted  d a t a  
or pure  sequence t o  the  RF m o d u la t i o n  s e c t i o n  f o r  t r a n s m i s s i o n .  The 
p e r i o d  o f  t h e  c o d e - b u r s t ,  o r  i n  o t h e r  w o r d s  t h e  d u ty  c y c l e ,  i s  
dependent  upon the  m a r k - t o - s p a  ce r a t i o  of  the  c o n t r o l  s i g n a l  in p u t .  
An i m p o r t a n t  f e a t u r e  i s  t h a t  t h e  s e q u e n c e  r u n s  c o n t i n u o u s l y  and 
t h e r e f o r e  no l o s s  of phase i s  e ncoun te red  d u r in g  the  b u r s t s  [? ] .
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b) E f f e c t  o f  percen tage  code Burst  on d i s c r i m i n a t o r  c h a r a c t e r i s t i c
Figure 2.3 Code Burst Generator.
The only i n t e r f e r e n c e  s ig n a l  which migh t  break  t h e  communica tion  
i s  a v e r y  l a r g e  am oun t  of  c o n t i n u o u s  r a d i o  f r e q u e n c y  pow er  t o  
overcome th e  high peak power a v a i l a b l e  to  low duty c y c l e  of t h e  b u r s t  
t r a n s m i t t e r  [1] .
2.2.6 S e q u e n t i a l  E s t i m a t i o n
I t  i s  p o s s i b l e  t o  a c h i e v e  s y n c h r o n i s a t i o n  b e t w e e n  t h e  s p r e a d  
s p e c t r u m  t r a n s m i t t e r  and  r e c e i v e r  s i m p l y  by i n s e r t i n g  a c e r t a i n  
number of  b i t s  of  th e  code sequence ( t a k e n  from th e  r e c e i v e d  s i g n a l )  
i n t o  t h e  r e c e i v e r ’ s  l o c a l  code  g e n e r a t o r ,  and  t o  s t a r t  t h e  code  
sequence of  t h e  r e c e i v e r  from t h a t  po in t .  The f requency  of  t h e  l o c a l  
c l o c k  g e n e r a t o r  m u s t  be v e r y  n e a r  t o  t h e  f r e q u e n c y  o f  t h e  r e c e i v e d  
s i g n a l ,  and a t r a c k i n g  c i r c u i t  h a s  t o  be a d d e d  i m m e d i a t e l y  t o  
m a i n t a i n  s y n c h ro n i s a t i o n .
The  RASE ( R a p i d  A c q u i s i t i o n  by S e q u e n t i a l  E s t i m a t i o n )  
s y n c h r o n i s a t i o n  te c h n iq u e  developed by Ward [8 ] ,  which  i s  shown i n  
F ig u re  2.4, has  t h e  advantage  of  r a p i d  s y n c h r o n i s a t i o n  i n  n o i s e l e s s  
c o n d i t i o n s  o r  h i g h  i n p u t  s i g n a l  t o  n o i s e  r a t i o .  T h i s  i s  b e c a u s e  
under  th e se  c o n d i t i o n s  t h e  f i r s t  n b i t s  o f  th e  r e c e i v e d  sequence  can 
be c o r r e c t l y  i d e n t i f i e d  a t  th e  f i r s t  a t t e m p t .  RASE, however,  h a s  th e  
drawback t h a t  i t  i s  more v u l n e r a b l e  t o  i n t e r f e r e n c e  s i g n a l s  t h a n  some 
o t h e r  t e chn iques .  Th is  i s  b e c a u s e  t h e  d e m o d u l a t o r  d e m o d u l a t e s  t h e  
r e c e i v e d  code  w i t h o u t  b e n e f i t  o f  p r o c e s s i n g  g a i n .  Any n o i s e  
i n c r e a s e s  the  p r o b a b i l i t y  t h a t  any  one  of the  n b i t s  may be i n  e r r o r  
and t h i s  would l o a d  t h e  wrong s t a r t i n g  sequence i n t o  t h e  g e n e r a to r .  
Thus,  a s  t h e  n o i s e  i n c r e a s e s  t h e  p r o b a b i l i t y  o f  a n  e r r o r  i n c r e a s e s  
r a p i d l y  and t h e  number  o f  a t t e m p t s  a t  s y n c h r o n i s a t i o n  a l s o  m u s t  
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p r o b a b i l i t y  of  an  e r r o r  i n  e s t i m a t i n g  t h e  s e q u e n c e  ( c f .  s l i d i n g  
c o r r e l a t o r  t e c h n i q u e s ,  i n  w h ic h  t h e  c o n v e r s e  i s  t r u e ) .  Hence t h e  
a c q u i s i t i o n  t i m e  i n c r e a s e s  a s  t h e  i n p u t  s i g n a l  t o  n o i s e  r a t i o  
d ec re a se s .  An average  a c q u i s i t i o n  t im e ,  r e c o rd e d  by Ward [8 ]  shows 
9 0  ms a t  -6dB i n p u t  SNR, 300 msec,  a t  - 1 0  dB i n p u t  SNR, and  1 s e c .  a t  
- 1 2 . 5  dB SNR f o r  a s e q u e n c e  o f  l e n g t h  ( 2 ^ ^ - l )  c l o c k e d  a t  a r a t e  o f
1.5MHz.
The RARASE (R a p id  A c q u i s i t i o n  by R e c u r s i o n  -  A ided  S e q u e n t i a l  
E s t i m a t i o n )  t e ch n iq u e  proposed by Ward and Yiu [ 9 ] i s  an e x t e n s i o n  o f  
RASE. The b l o c k  d i a g r a m  of  a t y p i c a l  RARASE s y s t e m  f o r  a  f i v e  
s t a g e s  m a x im a l  s e q u e n c e  g e n e r a t o r  i s  shown i n  F i g u r e  2.5.  I n  t h i s  
t e c h n iq u e  t h e  known r e c u r s i o n  r e l a t i o n  o f  t h e  pseudo no ise  s i g n a l  i s  
u s e d  t o  d e t e r m i n e  i f  a  s h o r t  e s t i m a t e  o f  t h e  s t a t e  o f  t h e  r e c e i v e d  
p s e u d o  n o i s e  s i g n a l  i s  p r o b a b l y  c o r r e c t  o r  n o t .  T h i s  i s  done  by 
check ing  i f  the  e s t i m a t e  loa ded  i n t o  the  pseudo n o i s e  g e n e r a t o r  would 
p r o d u c e  t h e  c o r r e c t  f e e d b a c k  b i t ,  so a s  t o  c o n t i n u e  t o  e m u l a t e  t h e  
incoming sequence.  Consequent ly ,  the  system can dec ide  w h e th e r  an  
a t t e m p t  s h o u l d  be made t o  t r a c k  w i t h  i t s  t h e n  p r e s e n t  e s t i m a t e  o r  
not .  A change over s w i t c h  a t  th e  i n p u t  of  the  f i r s t  s h i f t  r e g i s t e r ,  
w h i c h  i s  c o n t r o l l e d  by the  s y n c h r o n i s a t i o n - w o r t h i n e s s  i n d i c a t o r ,  
s e l e c t  e i t h e r  t h e  e s t i m a t e  of  t h e  i n c o m i n g  s e q u e n c e  o r  t h e  o u t p u t  
f r o m  t h e  p seudo  n o i s e  f e e d b a c k  l o g i c .  So a h i g h  p r o p o r t i o n  o f  t h e  
i n c o r r e c t  i n i t i a l  s t a t e  e s t i m a t e s  c a n  be d i s c a r d e d  a n d  t h e  
a c q u i s i t i o n  t i m e  can  t h e r e f o r e  be s p e e d e d  up. The i m p r o v e m e n t  
o b t a i n e d  w i t h  the  RARASE over t h a t  of RASE ^ s t e m  has  been c a l c u l a t e d  
by Ward and Yiu [9] and i s  g iven  by:
a
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w h e r e  p = t h e  p r o b a b i l i t y  o f  a s i n g l e  b i t  o f  t h e  e s t i m a t e  
being  c o r r e c t ,  
n = the  number of b i t s  t e s t e d  by r e c u r s i o n .
The s e a r c h / l o c k  s t r a t e g y  d e s c r i b e d  above  c o u l d  be u s e f u l  i n  
d e s i g n i n g  a minimum a c q u i s i t i o n  t i m e  p s eudo  n o i s e  s y s t e m  w h ic h  
o p e r a t e s  only  i n  a modera te  s ig n a l  t o  n o i s e  r a t i o  envi ronment.
2.2.7 Sp ecia l Coding fo r  Synchronisation A cq u isition
More r a p i d  sp read  spec trum sys tem l o c k -u p  could  be ach iev ed  by 
u s i n g  s p e c i a l  codes, s p e c i f i c a l l y  des ig n ed  f o r  s y n c h ro n i s a t i o n .
The JPL com ponen t  code [10 ,  11] d i s c u s s e d  i n  C h a p t e r  1 i s  made 
up o f  s h o r t e r  c o d es ,  e ac h  o f  l e n g t h  ( 2 ^ - 1 )  b i t s ,  c o m b in ed  t o g e t h e r  
(by m o d u l o - 2  sum) t o  g i v e  a l o n g  code  o f  l e n g t h  ( 2 ® - l ) . ( 2 ^ - l )  . . .  
( 2 ^ - 1 ) ,  w h e re  m n : ^  r .  T h i s  code  h a s  a s p e c i a l  c o r r e l a t i o n  
p r o p e r t y ,  w h i c h  i s  d i f f e r e n t  f r o m  t h e  m a x im a l  l i n e a r  s e q u e n c e s  i n  
t h a t  t h e  l a t t e r  has  only  one p o in t  of  a u t o c o r r e l a t i o n .  The component 
codes, on the  o t h e r  hand,  have one more c o r r e l a t i o n  p o s s i b i l i t y  th a n  
t h e r e  a r e  c o m p o n e n t s  i n  t h e  code  ( i . e .  i f  a code  i s  made up o f  t h r e e  
component subcodes ,  t h e r e  a r e  f o u r  a u t o c o r r e l a t i o n  p o i n t s  a s s o c i a t e d  
w i t h  t h e  o v e r a l l  c o d e ) .  M o r e o v e r ,  a l l  b u t  o n e  o f  t h e s e  
a u t o c o r r e l a t i o n  l e v e l s  a r e  a s s o c i a t e d  o n l y  (and s e p a r a t e l y )  w i t h  th e  
i n d i v i d u a l  c o d e s  m a k in g  up t h e  c o m p o s i t e  code.  The h i g h e s t  
c o r r e l a t i o n  l e v e l  c o r r e s p o n d s  t o  t o t a l  c o m p o s i t e  c o d e  
s y n c h r o n i s a t i o n .  The r e c e i v e r  f i r s t  c r o s s - c o r r e l a t e s  one o f  t h e  
co m p o n e n t  c o d e s  w i t h  t h e  r e c e i v e d  code  s e q u e n c e s ,  a p a r t i a l  
c o r r e l a t i o n  o c c u r s  a t  t h e  p o i n t  o f  s y n c h r o n i s a t i o n  when t h e  tw o  
co m p o n e n t  s e q u e n c e s  a r e  s y n c h r o n i s e d .  Then t h e  s e c o n d  c o m p o n e n t
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sequence  i s  i n i t i a t e d  which  i n c r e a s e s  t h e  p a r t i a l  c o r r e l a t i o n  l e v e l .  
This  p ro ces s  c o n t in u es  u n t i l  the  two o v e r a l l  codes a r e  synchron ised .  
The a d v a n t a g e  of  t h i s  t e c h n i q u e  i s  t h a t  i t  p r o v i d e s  f o r  r a p i d  
s y n c h r o n i s a t i o n  w i t h o u t  the  use of a preamble or  a n y th in g  o t h e r  than  
t h e  code  i t s e l f .  A m a x im a l  s e q u e n c e  o f  say  ( 2 ^ ^ - l )  b i t s  n e e d s  much 
l o n g e r  t o  s y n c h r o n i s e  t h a n  a JPL co m p o n en t  code o f  t h e  same l e n g t h  
whose component codes a r e  2^-1=127, 2®-l=225» and 2^-1=511, s i n c e  t h e  
se a rc h  p ro c e s s  over t h e s e  i n d i v i d u a l  leng th s  needs only  to  s e a r c h  over 
o n l y  127 + 225 + 511 = 893 b i t s .  As w i t h  a l l  o t h e r  s y n c h r o n i s a t i o n  
t e c h n i q u e s  d e s c r ib e d  so f a r ,  w i t h  the  e x c e p t i o n  of the  s e r i a l  s ea rch ,  
t h e  p e n a l t y  p a i d  f o r  r a p i d  a c q u i s i t i o n  i s  t h e  r e d u c t i o n  o f  
i n t e r f e r e n c e  r e j e c t i o n  and th e  r e d u c e d  r a n g i n g  c a p a b i l i t y  w hen  a l l  
code components a r e  no t  synchron ised .
A n d e r s o n  (12) a l s o  d e f i n e d  a s e t  o f  c o d e s  w i t h  w e l l  d e f i n e d  
c o r r e l a t i o n  p r o p e r t i e s  t h a t  may be e m p lo y e d  f o r  s y n c h r o n i s a t i o n .  
S h o r t  p ream ble  codes m i ^ t  a l s o  be c o n s id e re d  s p e c i a l  codes, bu t  i n  
g e n e r a l ,  the  only d i f f e r e n c e  be tween them and the  code sequences  used  
a f t e r  a c q u i s i t i o n  i s  l e n g t h .
A n o t h e r  s p e c i e i l  code  f o r  s y n c h r o n i s a t i o n  i s  t h e  c o m p o s i t e  
sequence proposed by B ea le  and Tozer [13] which i s  a l s o  known a s  the  
K r o n e c k e r  s e q u e n c e  by S a r w a t e  and  S t a r k  [ 1 4 ] .  The c o n s t r u c t i o n  o f  
t h i s  c o m p o s i t e  s e q u e n c e  w as  g i v e n  i n  t h e  p r e v i o u s  c h a p t e r  a n d  i t  
a c h i e v e s  r a p i d  s y c h r o n i s a t i o n  i n  a manner s i m i l a r  to  t h e  JPL codes.  
A f u l l  d e t a i l  of t h i s  t e c h n i q u e  w i l l  be g iv e n  i n  Chapter  F ive .
-  9 4  -
2.2.8 S y n c h ro n is a tio n  by M ic ro p ro ce sso r C o n tro l System
The r e c e n t  a d v a n c e m e n t s  i n  m i c r o p r o c e s s o r  and  m i n i c o m p u t e r  
d e s i g n  t e c h n o l o g y  h a s  e n a b l e d  them t o  be u s e d  i n  many f i e l d s  
i n c l u d i n g  c o m m u n i c a t i o n  s y s t e m s .  The o b j e c t i v e  o f  u s i n g  a 
m i c r o p r o c e s s o r  dev ice  i s  t o  c a r ry  out  a s  much of th e  s y n c h r o n i s a t i o n  
an d  t r a c k i n g  p r o c e s s  a s  p o s s i b l e  i n  s o f t w a r e .  T h i s  c a n  a l s o  be 
ex tended  t o  g e n e r a t e  th e  l o c a l  code sequence keep ing  t h e  h a rd w are  a s  
l i t t l e  a s  p o s s i b l e .  Of c o u r s e  t h i s  m a i n l y  d e p e n d s  on t h e  s p e e d  o f  
t h e  m ic ro p ro c e s s o r  used and t h e  c lock  f requency  of  th e  sys tem under 
c o n s i d e r a t i o n .
Davies ,  Al-Najar ,  and Al-Rawas [15] have im plem en ted  a system 
u s i n g  an F8 m i c ro p ro c e s s o r ,  which h a s  the  advan tage  o f  low c o s t ,  easy  
i n t e r f a c i n g ,  r e a s o n a b l e  s p e e d ,  and t h e  a v a i l  a b i l i t y  of  a  s o f t w a r e -  
c o m p a t i b l e  s i n g l e - c h i p  m i c r o c o m p u t e r .  F i g u r e  2.6 sh o w s  a b l o c k  
d i a g r a m  o f  a  l o w - d a t a - r a t e  s p r e a d  s p e c t r u m  s y s t e m  c o n t r o l l e d  by 
m i c r o p r o c e s s o r .  The m i c r o p r o c e s s o r  c o n t r o l s  a  v o l t a g e  c o n t r o l l e d  
o s c i l l a t o r  and s e q u e n c e  g e n e r a t o r  and  c a r r i e s  o u t  t h e  c o r r e l a t i o n  
p r o c e s s e s  needed f o r  the  a c q u i s i t i o n  and t r a c k i n g  modes. S w i tc h in g  
b e t w e e n  modes  i s  a c h i e v e d  by c h a n g i n g  a n  i n t e r r u p t  v e c t o r .  The 
r e c e i v e r  o p e r a t e s  i n  tw o a l t e r n a t i v e  modes.  W h i l e  s e a r c h i n g ,  t h e  
p r o c e s s o r  s e n d s  a c o n s t a n t  v o l t a g e  t o  t h e  v o l t a g e  c o n t r o l l e d  
o s c i l l a t o r  w h ic h  c a u s e s  a f r e q u e n c y  o f f s e t  b e t w e e n  t h e  l o c a l  code  
f r e q u e n c y  and t h e  nominal  f requency of  t h e  r e c e i v e d  s i g n a l ,  th e n  i t  
c a r r i e s  o u t  the  c r o s s - c o r r e l a t i o n  b e t w e e n  t h e  two s e q u e n c e s .  When 
t h e  t h r e s h o l d  i s  exceeded,  i t  i s  assumed t h a t  t h e  two sequences  a r e  
a l i g n e d ,  and the p r o c e s s o r  im m ed ia te ly  a l t e r s  th e  v o l t a g e  s e n t  t o  t h e  
v o l t a g e  c o n t r o l l e d  o s c i l l a t o r  and t h i s  changes  t h e  i n t e r r u p t  v e c t o r
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Figure 2.6. Microprocessor Synchronizer Technique.
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t o  t h a t  f o r  t r a c k i n g .  The e r r o r  s i g n a l  p r o d u c e d  by t h e  t r a c k i n g  
p ro c e s s  i s  then  added to  the  v o l t a g e  s e n t  to  the  v o l t a g e  c o n t r o l l e d  
o s c i l l a t o r ,  so m a i n t a i n in g  t h e  a l ignm ent .
A system such a s  t h i s  ha s  the  advan tage  of be ing  a b l e  t o  d e f i n e  
t h e  s e a r c h  p r o c e d u r e  and r e l e v a n t  p a r a m e t e r s  by s o f t w a r e  an d  a s  a 
r e s u l t  t o  be a d a p t e d  i n  a r e l e v a n t  m a n n e r ,  s u c h  a s  t h e  p r e v a i l i n g  
s i g n a l  to  n o ise  r a t i o  a t  th e  in p u t  t o  t h e  d e t e c t o r  changes o r  i f  th e  
l o c a l  code sequence g e n e r a t o r  i s  g e n e ra te d  by s o f t w a r e  f o r  example  a 
d i f f e r e n t  t r a n s m i t t e d  s i g n a l  can be e a s i l y  r e c e iv e d  j u s t  by changing  
the  s o f tw a re .  The d i sadvan tage  of t h i s  t e c h n iq u e  i s  t h a t  on ly  lo w -  
d a t a - r a t e  sp read  spect rum gystems can be im plem en ted  due to  t h e  speed 
l i m i t a t i o n  of the  e x i s t i n g  m i c ro p ro c e s s o r s .
2.2.9 Techniques Employing Tapped Delay L ines
I n  a l l  s y n c h r o n i s a t i o n  te c h n iq u e s  d i s c u s s e d  above,  the  r e c e i v e d  
s p r e a d  s p e c t r u m  s i g n a l  was  c o r r e l a t e d  w i t h  a  r e c e i v e r - g e n e r a t e d  
r e p l i c a  o f  t h e  s p r e a d i n g  code .  The o u t p u t  o f  t h i s  c o r r e l a t o r  w as  
t h e n  p r o c e s s e d  t o  i n d i c a t e  w h e t h e r  o r  n o t  s y n c h r o n i s a t i o n  had  
o c c u r r e d  so t h a t  t r a c k i n g  could  t a k e  p lace .  This  type of  c o r r e l a t o r  
was c a l l e d  an  a c t i v e  c o r r e l a t o r .  S eve ra l  o t h e r  t e c h n iq u e s  use  t h e  so 
c a l l e d  p a s s i v e  c o r r e l a t o r  r a t h e r  t h a n  t h e  a c t i v e  c o r r e l a t o r .  The 
c h o i c e  b e t w e e n  a n  a c t i v e  o r  p a s s i v e  c o r r e l a t o r  i m p l e m e n t a t i o n  i s  
l a r g e l y  d i c t a t e d  by the  f requency  a t  which i t  i s  i n t e n d e d  to  o p e r a t e ,  
t h e  s p r e a d  b a n d w i d t h ,  o r  e q u i v a l e n t l y  t h e  code  c h i p  r a t e ,  t h e  d a t a  
b i t  d u r a t i o n  and the  i n t e r f e r e n c e  r e j e c t i o n  r e q u i r e m e n t .  However, i n  
many c a s e s  t h e  i m p l e m e n t a t i o n  o f  s u i t a b l e  m a t c h e d  f i l t e r  i s  
t e c h n o l o g i c a l l y  d i f f i c u l t ,  c o s t l y  a n d  l i m i t e d  t o  c e r t a i n  
a p p l i c a t i o n s .  The f u n d a m e n t a l  d i f f e r e n c e  b e t w e e n  a n  a c t i v e
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c o r r e l a t o r  and a p a s s iv e  c o r r e l a t o r  l i e s  i n  the  form of th e  r e f e r e n c e  
code s ig n a l  g e n e ra te d  i n  the  r e c e i v e r .
A m a t c h e d  f i l t e r  g e n e r a t e s  a t i m e  r e v e r s e d  r e p l i c a  o f  i t s  d e s i r e d
i n p u t  s ig n a l  when i t s  i n p u t  i s  an impulse.  The t r a n s f e r  f u n c t i o n  of
a matched f i l t e r  i s  th e  complex c o n j u g a t e  of the  s ig n a l  to  which i t
i s  matched [16]. The o u tp u t  of  y ( t )  of ary  f i l t e r  i s  the c o n v o l u t io n
of i t s  i n p u t  x ( t )  and i t s  im pulse  r e sp o n se  h ( t ) ,  t h a t  i s  
t
y ( t )  =J' x ( x ) h ( t - T ) d T  2 . 2
o
where th e  f i l t e r  i s  assumed to  be causa l  and the  i n p u t  i s  assumed t o  
b e g i n  a t  t=0.
I n  t h e  c a s e  of  s p r e a d  s p e c t r u m  s y s t e m  w h e r e  t h e  i n p u t  t o  t h e  
ma tched  f i l t e r  i s  a baseband s ig n a l  and th e  f i l t e r  im p u ls e  r e s p o n s e  
i s  a t i m e  r e v e r s e d  e l e m e n t  o f  t h e  r e c e i v e r  d e s p r e a d i n g  code ,  t h e  
matched  f i l t e r  c o n t in u o u s ly  c o r r e l a t e s  the r e c e i v e d  s i g n a l  w i t h  t h i s  
e l e m e n t  of  the  s p r e a d in g  s i g n a l  and g e n e r a t e s  a maximum o u tp u t  when 
i t  r e c e i v e s  t h e  c o r r e s p o n d i n g  e l e m e n t  of  t h e  r e c e i v e d  s p r e a d i n g  
s i g n a l .  T h i s  o u t p u t  c a n  be s e n s e d  and  u s e d  t o  s t a r t  t h e  r e c e i v e r  
code g e n e r a t o r  a t  the  a p p r o p r i a t e  phase,  and s y n c h r o n i s a t i o n  w i l l  be 
a c c o m p l i s h e d .  T h i s  a c q u i s i t i o n  s t r a t e g y  i s  c a l l e d  m a t c h e d  f i l t e r  
s y n c h r o n i s a t i o n  [ 2 ] .  A c o n v e n i e n t  m e th o d  o f  g e n e r a t i n g  a m a t c h e d  
f i l t e r  f o r  sp read  spec trum a p p l i c a t i o n s  i s  t o  use a tapped  de lay  l i n e  
i n  a n o n - r e c u r s i v e  ( f i n i t e  im pu lse  r e s p o n s e )  c o n f i g u r a t i o n  t o  a ch iev e  
th e  r e q u i r e d  im pu lse  re sponse .
F ig u re  2.7 i l l u s t r a t e s  a de lay l i n e  matched f i l t e r  made up of 7 
d e l a y  e l e m e n t s  t h a t  c o u l d  r e c o g n i s e  a p a r t i c u l a r  code s e q u e n c e  
p r o v i d e d  t h a t  t h e  d e l a y  t i m e  of  eac h  d e l a y  e l e m e n t  i s  e q u a l  t o  t h e  
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d e l a y  l i n e  e l e m e n t  e x a c t l y  m a t c h e s  an  i n p u t  s i g n a l ,  t h e  s i g n a l  
s u m m a t i o n  i s  p e r f e c t .  I f ,  h o w e v e r ,  t h e  code b i t  r a t e  d o e s  n o t  
match t h e  delay  l i n e ,  only p a r t i a l  c o r r e l a t i t o n  between de lay  l i n e  
o u t p u t s  o c c u r s .  T h e r e f o r e  a  c o m p r o m i s e  i s  n eed e d  b e t w e e n  a low 
t h r e s h o l d  w h ic h  r e s u l t s  i n  i n c r e a s i n g  t h e  p r o b a b i l i t y  o f  f a l s e  
d e t e c t i o n ,  and  t o o  h i g h  a t h r e s h o l d  w h i c h  i n  t u r n  r e d u c e s  t h e  
p r o b a b i l i t y  of  s u c c e s s f u l  d e t e c t i o n  o f  s y n c h r o n i s a t i o n  [1] .
I n  p r a c t i c e ,  t h e  t a p p e d  d e l a y  l i n e  may be a s u r f a c e  a c o u s t i c  
wave (SAW) dev ice  based on an  a n a lo g  dev ice  u t i l i s i n g  R a y l e i ^  wave 
p r o p a g a t i o n  on l i t h i u m  n i o b a t e  (L iN b O g )  o r  q u a r t z  c r y s t a l s .  
Convolve rs  hav ing  a bandwidth  of  50 MHz w i th  t im e  bandwidth  product  
(TB) p r o d u c t  o f  AxAf »  1000 ,  w h e r e  At i s  t h e  d i f f e r e n t i a l  t i m e  
d e l a y  and A f  i s  t h e  f i l t e r  bandwidth,  have been b u i l t  [17 -20] ,  The 
r e q u i r e d  p rocess  g a in  or  the  t im e -b a n d w id th  p roduc t  d e t e r m i n e s  th e  
c o m p l e x i t y  o f  t h e  m a t c h e d  f i l t e r s .  C h a r g e - c o u p l e d  d e v i c e s  (CCD) 
p r e v i o u s l y  d i s c u s s e d  a r e  more c o m p l ic a te d  th a n  the  s u r f a c e  a c o u s t i c  
w av e  d e v i c e s  and  t h e y  a r e  l e s s  u s e d  i n  s y n c h r o n i s a t i o n  o f  s p r e a d  
spec t rum  systems.
I n  n o i s e  f r e e  c o n d i t i o n s ,  i n i t i a l  code a c q u i s i t i o n  o f  a  d i r e c t  
s e q u e n c e  s p r e a d  s p e c t r u m  r e c e i v e r  u s i n g  a p a s s i v e  c o r r e l a t o r  may 
o c c u r  much m ore  r a p i d l y  t h a n  when u s i n g  a n  a c t i v e  c o r r e l a t o r  [ 3 1 ] ,  
b e c a u s e  t h e  t i m e  d e l a y  and  s i g n a l  s t o r a g e  c a p a b i l i t y  a l l o w s  
i n t e g r a t i o n  o v e r  a code s e q u e n c e  l e n g t h  i m m e d i a t e l y  t h e  c o m p l e t e  
sequence  has  been lo a d e d  i n t o  the  CCD or  SAW dev ices .  This  advan tage  
o f  a  m a t c h e d  f i l t e r  b e c o m e s  l e s s  p r o n o u n c e d  w hen  n o i s e  and 
i n t e r f e r e n c e  i s  t a k e n  i n t o  a c c o u n t .  P a n d i t  [ 2 2 ]  h a s  d e m o n s t r a t e d  
t h a t  t h e  mean s y n c h r o n i s a t i o n  d e l a y  f o r  an  a c t i v e  c o r r e l a t o r  
i n c r e a s e s  more s l o w l y  t h a n  f o r  a  m a t c h e d  f i l t e r ,  a s  t h e  r e c e i v e d
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s i g n a l  to  no ise  r a t i o  i s  decreased .  E xpe r im en ta l  r e s u l t s  d e s c r ib e d  
by P a n d i t  [22] f o r  SAW matched f i l t e r s ,  matched t o  2 5 5 - b i t s  sequence,  
show t h a t  t h e  mean s y n c h r o n i s a t i o n  de lay  can i n c r e a s e  by a f a c t o r  of  * 
10 f o r  3dB r e d u c t i o n  i n  r e c e i v e d  s ig n a l  t o  n o i s e  r a t i o  (from -14 t o  -  
17 dB i n  t h i s  c a s e ) .  N e v e r t h e l e s s ,  e x t r a p o l a t i n g  P a n d i t * s  r e s u l t s ,  
i t  a p p e a r s  t h a t  a matched f i l t e r  can a c h i e v e  f a s t e r  s y n c h r o n i s a t i o n  
th a n  a c o r r e l a t o r  f o r  r e c e i v e d  s i g n a l s  t o  n o i s e  r a t i o s  above about  -  
20dB when the  sequence l e n g t h  i s ,  L=1023, b i t s .
2 .3  TRACKING
Once s y n c h r o n i s a t i o n  h a s  b e e n  a c h i e v e d ,  i t  i s  i m m e d i a t e l y  
n e c e s s a r y  t o  c o n t r o l  t h e  c l o c k  o f  t h e  code  s e q u e n c e  so  t h a t  t h e  
r e c e i v e d  s i g n a l  and t h e  l o c a l  code sequence m a i n t a i n  s y n c h r o n i s a t i o n  
d u r i n g  o p e r a t i o n  of  the  communica tion l i n k .  Th is  i s  u s u a l l y  done by 
means of  a c lo se d  l o o p  c i r c u i t  c a l l e d  a t r a c k i n g  l o o p  which employs 
f e e d b a c k  t o  r e d u c e  any e r r o r s  t o  a  v a l u e  t h a t  i s  a s  s m a l l  a s  
p o s s i b l e ,  so t h a t  t h e  codes r e m a in  matched t o  w i t h i n  a  s m a l l  f r a c t i o n  
o f  a c l o c k  p e r i o d .  T h re e  f o r m s  o f  t h e  t r a c k i n g  l o o p  a r e  a v a i l a b l e  
f o r  do ing  t h i s :
a )  Delay l o c k  t r a c k i n g  loop .
b) T a u -D i th e r  t r a c k i n g  loop.
c)  Coherent  c a r r i e r  t r a c k i n g  loop.
C o n v o l v e r s  d i s c u s s e d  i n  C h a p t e r  One c a n  a l s o  be u s e d  a s  a t r a c k i n g  
t e c h n i q u e  i n  sp read  spec trum systems.
The d e l a y  l o c k  t r a c k i n g  l o o p  i s  c o n s i d e r e d  t o  be t h e  m o s t  
i m p o r t a n t  t e c h n i q u e  and  m o s t  commonly  u s e d  i n  s p r e a d  s p e c t r u m  
r e c e i v e r .  This  t e c h n iq u e  w i l l  not  be d i s c u s s e d  i n  t h i s  c h a p te r ,  but
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i n  d e t a i l  i n  t h e  f o l l o w i n g  c h a p t e r s ,  a s  i t  p ro v id es  th e  b a s i s  f o r  the  
s y n c h r o n i s a t i o n  of  t h e  communica tion system under i n v e s t i g a t i o n .
2 .3 .1  T a u -D i th e r  T ra c k in g  Loop
T a u -D i t h e r  t r a c k i n g  i s  an e r r o r  s i g n a l  g e n e r a t i n g  method s i m i l a r  
t o  t h o s e  u s e d  i n  some s e r v o  s y s t e m s  f o r  p o s i t i o n  s e n s i n g  and  
c o r r e c t i o n .
T a u -D i th e r  c l o c k  t r a c k i n g  i n  s p read  spec trum sys tem s  makes use 
of th e  t r i a n g u l a r  code c o r r e l a t i o n  f u n c t i o n  possessed  by random and 
maximal l e n g t h  b in a ry  codes. The i d e a  i s  t o  cause  t h e  code jAiase of 
a l o c a l l y  g e n e r a t e d  r e p l i c a  sequence t o  r e m a in  a s  c lo se  a s  p o s s i b l e  
t o  a  r e c e i v e d  code  p h a s e  so t h a t  t h e  t i m i n g  o f  t h e  tw o  c o d e s  w i l l  
r e m a i n  e s s e n t i a l l y  a t  th e  peak of  c o r r e l a t i o n .  The way t h i s  i s  done 
i s  t o  degrade  t h e  c o r r e l a t i o n  d e l i b e r a t e l y  by a known amount,  observe  
th e  e f f e c t ,  and employ th e  i n f o r m a t i o n  ga ined  t o  improve  the  degree  
o f  c o r r e l a t i o n .  A T a u - D i t h e r  t r a c k i n g  l o o p  i s  s o m e t i m e s  c a l l e d  a 
T a u - j i t t e r ,  an d  i n  f a c t ,  i s  v e r y  s i m i l a r  t o  t h e  d e l a y  l o c k  t r a c k i n g  
l o o p  [ 1 ] .  The r e c e i v e d  s i g n a l  i s  c o r r e l a t e d  w i t h  an  e a r l y  and l a t e  
v e r s i o n  of  t h e  l o c a l l y  g e n e r a t e d  pseudo n o i s e  code. Un l ike  the  delay 
l o c k  l o o p  w h e r e  tw o  c o r r e l a t o r s  a r e  u s e d ,  t h e  c o r r e l a t i o n  i n  T au -  
D i t h e r  l o o p  i s  done  by a  s i n g l e  c o r r e l a t o r  on a n  a l t e r n a t i n g  b a s i s .  
F i g u r e  2.8 s how s  a t y p i c a l  T a u - D i t h e r  c l o c k - t r a c k i n g  l o o p .  The 
pseudo n o i s e  code g e n e r a t o r  i s  d r iv e n  by a c lock  s i g n a l  whose phase 
i s  " d i t h e r e d "  b a c k  a n d  f o r t h  i n  a c c o r d a n c e  w i t h  t h e  b i n a r y  s i g n a l .  
Th is  e l i m i n a t e s  the  n e c e s s i t y  of  e n s u r i n g  i d e n t i c a l  t r a n s f e r  f u n c t i o n  
i n  t h e  tw o  a r m s  o f  a  n o r m a l  d o u b l e  c o r r e l a t o r .  The d e g r e e  o f  
c o r r e l a t i o n  be tween  t h e  r e c e i v e d  and l o c a l  codes changes a c c o rd in g  t o  
t h e  p h a s e  d i t h e r ,  and  t h i s  c a u s e s  a s h i f t  i n  t h e  a m p l i t u d e  of  t h e
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F i g u r e  2 . 8 .  T a u - D i t h e r  s y s t e m .
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s i g n a l  i n p u t  t o  t h e  demodula tor .  As t h e  c lock  phase i s  s h i f t e d  back 
an d  f o r t h ,  t h e  s i g n a l  i s  a m p l i t u d e  m o d u l a t e d  a t  t h e  p h a s e  s h i f t i n g  
r a t e .  T h i s  s i g n a l  d e t e r m i n e s  t h e  n e c e s s a r y  e r r o r  s i g n a l ,  so a s  t o  
r e d u c e  th e  t r a c k i n g  e r r o r  t h a t  e x i s t s  between the  two sequences.  The 
i n f o r m a t i o n  demodula to r ,  u s u a l l y  f o r  phase s h i f t  keying o r  some o t h e r  
f o r m  o f  a n g l e  m o d u l a t i o n ,  i s  n o t  a f f e c t e d  by a s m a l l  a m o u n t  o f  
a m p l i t u d e  c h a n g e s ,  b e c a u s e  o f  t h e  o r t h o g o n a l i t y  of  a n g l e -m o d u la t e d  
and a m p l i t u d e -m o d u la te d  s ig n a l s .
The m a in  a d v a n t a g e  o f  t h i s  t e c h n i q u e  i s  t h a t  t h e r e  a r e  some 
econom ies  of  im p le m e n ta t i o n  w h ic h  c o m p a re  w i t h  t h e  d e l a y  t r a c k i n g  
system. Because of  i t s  r e l a t i v e  i m p l e m e n t a t i o n  s i m p l i c i t y ,  t h e  Tau- 
D i t h e r  l o o p  h a s  b e e n  re c o m m e n d e d  f o r  p s e u d o  n o i s e  code  t r a c k i n g  i n  
TDRSS (T rack ing  and Data Relay S a t e l l i t e  System) t o  s h u t t l e  Ku-band 
com m unica t ion  l i n k  [23].
The d i s a d v a n t a g e  o f  t h i s  s y s t e m  i s  t h a t  when s y n c h r o n i s a t i o n  
o c c u r s ,  t h e  c o r r e l a t o r  i s  n e v e r  w o r k i n g  a t  t h e  p e a k  o f  i t s  
c o r r e l a t i o n  c h a r a c t e r i s t i c .  The tw o  o p e r a t i n g  p o s i t i o n s ,  advanced 
and r e t a r d e d  from the  peak i s  d e f in e d  by the  t a u -m o d u la t i o n ,  a lw ays  
h o l d  t h e  s e q u e n c e s  a t  t h e  p o s i t i o n  s l i g h t l y  o f f s e t  f r o m  t h e  
c o r r e l a t i o n  peak  and  t h e r e f o r e  t h e  o u t p u t  s i g n a l  t o  n o i s e  r a t i o  i s  
n e v e r  a t  i t s  maximum. H a r tm a n n  [ 2 4 ] ,  h a s  shown t h a t  t h e  s i g n a l  t o  
n o i s e  per fo rmance  o f  t h e  Tau d i t h e r  lo o p  i s  ab o u t  3 dB w orse  th a n  th e  
d e lay  l o c k  loop.  However, t h e  D oub le -D i the r  t r a c k i n g  l o o p  proposed  
by H o p k in s  [ 2 5 ] ,  h a s  t h e  same n o i s e  p e r f o r m a n c e  a s  t h e  d e l a y  l o c k  
l o o p .  I t  a l s o  s o l v e s  t h e  g a i n - i m b a l a n c e  p ro b le m  o f  t h e  d e l a y  l o c k  
loop .  The p r i c e  pa id  f o r  s im u l t a n e o u s l y  a c h i e v in g  th o s e  two p o i n t s  
i s  i n c r e a s e d  h a r d w a r e  c o m p l e x i t y ,  a s  s h o w n  i n  F i g u r e  2 . 9 .
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N e v e r t h e l e s s ,  i t  h a s  a n  im p r o v e d  p e r f o r m a n c e  c o m p a re d  t o  t h e  T a u -  
D i t h e r  l o o p .
2 .3 .2  Coheren t  C a r r i e r  T rack ing  Loop
I n  c a r r i e r  coh e re n t  sys tem s  t h e  mechanism used  i s  j u s t  w ha t  t h e  
name i m p l i e s .  I n  o t h e r  w o r d s ,  t h e  code  s e q u e n c e  c l o c k  r a t e  i s  
d e s ig n e d  t o  be a s u b m u l t i p l e  of th e  c a r r i e r  f requency  or  both c a r r i e r  
and c l o c k  a r e  d e r iv e d  from the  same source .  Common s o u r c e s  must  be 
used  i n  t h e  t r a n s m i t t e r  and r e c e i v e r  ( i . e .  each must have  common code 
r a t e  an d  c a r r i e r  s o u r c e s  -  n o t  i m p l y i n g  t h a t  b o t h  t r a n s m i t t e r  an d  
r e c e i v e r  have th e  same source) .  When t h e  m o d u la t i o n  r a t e  and c a r r i e r  
f r e q u e n c i e s  Eire c o h e r e n t ly  r e l a t e d ,  t r a c k i n g  one  w i l l  a l s o  p r o v i d e  
f o r  t h e  o t h e r ;  f o r  i n s t a n c e ,  c o n s i d e r  a t r a n s m i t t e r  i n  w h i c h  a 50 
Mbps c o d e  s e q u e n c e  d i r e c t  s e q u e n c e  m o d u l a t e s  a  500 MHz RF c a r r i e r .  
The c a r r i e r  i s  d e r i v e d  a s  a  10 t i m e s  m u l t i p l e  o f  t h e  code  c l o c k .  At 
t h e  r e c e i v e r ,  t h e  l o c a l  o s c i l l a t o r s  a r e  a l s o  d e r i v e d  f r o m  t h e  code  
c l o c k ,  and  t h e  p o s t  c o r r e l a t i o n  s i g n a l  i s  t r a n s l a t e d  down t o  a 
c o n v e n ie n t  dem odu la t ion  f r e q u e n c y  by m i x i n g  w i t h  t h e s e  c o d e - r a t e -  
r e l a t e d  o s c i l l a t o r s .  Thus, th e  t r a n s m i t t e r ' s  50 Mbps code c l o c k  r a t e  
i s  p r e c i s e l y  r e l a t e d  t o  t h e  c a r r i e r  s i g n a l  s e e n  a t  t h e  r e c e i v e r ' s  
dem odu la to r ,  and a s i n g l e  phase l o c k  l o o p  dem odula to r  can be used  t o  
t r a c k  both code c lock  and c a r r i e r  f requency  s h i f t s .  A s im p l e  ±1 b i t  
c o r r e l a t i o n  sea rch  i s  s u f f i c i e n t  t o  s a t i s f y  t h i s  d i f f i c u l t y  and once 
t h e  p r o p e r  p h a s e  i s  c h o s e n  o n l y  t h e  f r e q u e n c y  n e e d s  t o  be t r a c k e d  
[ 1 ] .  A c a r r i e r  c o h e r e n t  t r a c k i n g  s y s t e m  i s  i l l u s t r a t e d  i n  F i g u r e  
2.10 .  The u s e  o f  t h i s  t y p e  o f  s y s t e m  i s  l i m i t e d  h o w e v e r ,  i n  t h a t  
th e  t r a n s m i t t e r  from which  i t  r e c e i v e s  s i g n a l s  must  have a code c lock  
r a t e  and  c a r r i e r  p h a s e  c o h e r e n c e  f o r  t h e  r e c e i v e r  t o  o p e r a t e .
-  1 0  6 -
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O t h e r w i s e  u n r e l a t e d  f r e q u e n c y  d r i f t s  b e t w e e n  c l o c k  r a t e  and  RF 
c a r r i e r  would cause the  r e c e i v e r  t o  l o s e  lock .
-  10 :
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CHAPTER THREE
DEVELOPMENT OF AN IMPROVED DELAY LOCK LOOP 
FOR USE IN SPREAD-SPECTRUM SYSTEMS
3.1 INTRODUCTION
The m o s t  i m p o r t a n t  t e c h n i q u e s  f o r  i n i t i a l  s y n c h r o n i s a t i o n  and 
t r a c k i n g  of p s eu d o -n o is e  sequence s  i n  s p r e a d - s p e c t r u m  s y s t e m s  h a v e  
been d i s c u s s e d  b r i e f l y  i n  Chapter  2, t o g e t h e r  w i th  t h e i r  advan tages ,  
d i s a d v a n t a g e s  and c u r r e n t  per fo rm ance  l i m i t a t i o n s .  In  some s y s t e m s  
i n i t i a l  a c q u i s i t i o n  of  phase l o c k  be tween t h e  t r a n s m i t t e d  and l o c a l l y  
g e n e r a t e d  PN sequences  i s  a two s tag e  p ro c e s s  u s in g  e i t h e r  an a c t i v e  
( o r  s l i d i n g )  c o r r e l a t o r  [ 1 ] ,  a m a t c h e d  f i l t e r  [ 2 , 3 ]  o r  a c o n v o l v e r  
[ 4 ]  t o  p r o v i d e  c o a r s e  s y n c h r o n i s a t i o n  t o  w i t h i n  +1 b i t .  F i n e  
s y n c h r o n i s a t i o n  a n d  s u b s e q u e n t  p h a s e  t r a c k i n g  may t h e n  be 
a c c o m p l i s h e d  u s i n g  e i t h e r  a d e l a y  l o c k  l o o p  (DLL) [ 5 ]  o r  t h e  t a u  
d i t h e r  l o o p  [6 ] .  However, both ty p e s  of  lo o p  may be used  t o  a c q u i r e  
i n i t i a l  s y n c h r o n i s a t i o n  a s  w e l l  a s  t r a c k  t h e  d e l a y  e r r o r  b e t w e e n  
s e q u e n c e s  by p e r f o r m i n g  a s i m p l e  s e r i a l  s e a r c h  o f  a l l  t h e  s e q u e n c e  
epochs.  I n  s p r e a d - s p e c t r u m  sys tem s  used  f o r  t i m i n g  and r a n g i n g  t h i s  
l a t t e r  a p p r o a c h  i s  m o s t  c e r t a i n l y  t h e  one w h ic h  w o u ld  be u s ed .  
H ow ever ,  i n  m u l t i p l e  a c c e s s  CDMA c o m m u n i c a t i o n s  s y s t e m s  r a p i d  
s y n c h r o n i s a t i o n  i s  o f  v i t a l  im por tance ,  and w here  system co m p lex i ty  
i s  n o t  a  pr ime c o n s i d e r a t i o n  use  of a ma tched  f i l t e r ,  or c o r r e l a t o r  
w i t h  an  a p p r o p r i a t e  s e a r c h / l o c k  s t r a t e g y  [ 7 , 8 ]  su c h  a s  RASE o r  
RARASE, would be used t o  a c h ie v e  a r a p i d  coa rse  s y n c h r o n i s a t i o n ,  even 
w h e n  t h e  t r a n s m i t t e d  PN s e q u e n c e  i s  e m b e d d e d  i n  n o i s e .  
S y n c h r o n i s a t i o n  by a m i c r o p r o c e s s o r  [ 9 ]  i s  a l s o  u s e d  f o r  lo w  d a t a  
r a t e  systems.
— I l l  —
H o w e v e r ,  t h e  u s e  o f  a t r a c k i n g  l o o p  t o  m a i n t a i n  p h a s e  
s y n c h r o n i s a t i o n  be tween the  r e c e i v e d  and l o c a l l y  g e n e ra te d  sequences  
w hen  t h e  p h a s e  o f  t h e  t r a n s m i t t e d  s e q u e n c e  c h a n g e s  (due t o  D o p p l e r  
s h i f t ,  f o r  example)  i s  v i t a l .  Another example where a t r a c k i n g  lo o p  
would be needed i s  when a sp re a d - s p e c t ru m  system i s  used i n  a m ob i le  
a p p l i c a t i o n .  T h ese  t y p e s  o f  s i g n a l  a r e  s u b j e c t  t o  r a p i d  shadow 
f a d i n g  and  m u l t i p a t h  f a d i n g ,  and d u r i n g  a f a d e  some l o s s  o f  
s y n c h r o n i s a t i o n  may be expec ted .  In  o rd e r  t o  m in im ise  d a ta  e r r o r s  i n  
t h e  t r a n s m i t t e d  message r a p i d  r e s y n c h r o n i s a t i o n  i s  nece ssa ry .  This  
r e q u i r e s  a f ^ a s e  t r a c k i n g  l o o p  which i s  f a s t ,  y e t  h a s  a narrow n o i s e  
bandwidth  to  m in im i se  i n - l o c k  phase j i t t e r  when s y n c h r o n i s a t i o n  has  
been ach ieved .  Immunity from s p u r i o u s  m u l t i - p a t h  s i g n a l s  shou ld  a l s o  
be a d e s i r a b l e  f e a t u r e  of th e  loop.
The d e l a y  l o c k  l o o p  h a s  f o u n d  w i d e s p r e a d  u s e  i n  b o t h  CDMA 
s p r e a d - s p e c t r u m  sy s tem s  and r a n g in g  and t i m i n g  sys tems based  on PN 
t e c h n i q u e s .  As o u t l i n e d  i n  C h a p t e r  2,  t h e  d e l a y  l o c k  l o o p  h a s  
s e v e r a l  a d v a n t a g e s  o v e r  i t s  c h i e f  r i v a l  t h e  t a u  d i t h e r  l o o p ,  a 
p r i n c i p a l  r e a s o n  b e in g  t h a t  i n - l o c k  j i t t e r  can be made s m a l l e r  i n  t h e  
c a s e  o f  t h e  DLL. I n  t h i s  c h a p t e r  n o v e l  m e t h o d s  f o r  i m p r o v i n g  t h e  
a c q u i s i t i o n  and t r a c k i n g  per fo rm ance  of  t h e  DLL, w i th o u t  compromis ing 
t h e  i n - l o c k  j i t t e r  p e r f o r m a n c e ,  a r e  c o n s i d e r e d  i n  d e t a i l .  The 
m o d i f i c a t i o n s  a r e  c o n s i d e r e d  f o r  b o th  t h e  c a s e  o f  a  s i m p l e  r a n g i n g  
a p p l i c a t i o n ,  where  the  PN sequence i s  n o t  modulated  by d i g i t a l  da ta ,  
and t h e  case  of  a  CDMA s p re a d - s p e c t ru m  system where  t h e  PN sequence 
i s  m o d u l a t e d  by d i g i t a l  d a t a .  T h i s  l a t t e r  s y s t e m  r e q u i r e s  s p e c i a l  
t e c h n i q u e s  w i t h i n  t h e  l o o p .  As s h o w n  i n  C h a p t e r  1,  t h e  
^ n c h r o n i s a t i o n  c i r c u i t  i s  g e n e r a l l y  a t  an  LF. f r e q u e n c y  (which  may 
be m ode l led  by a base band model) o r  d i r e c t l y  a t  baseband.  For t h i s
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r e a s o n  most  of th e  work i n  t h i s  c h a p t e r  c o n s i d e r s  a  baseband model of 
t h e  lo o p  and a l l  e x p e r im e n t s  a r e  c a r r i e d  o u t  on a baseband loop.
The d i s c r i m i n a t o r  c h a r a c t e r i s t i c s  f o r m e d  by t h e  DLL p h a s e  
d e t e c t o r  a r e  p a r t i c u l a r l y  i m p o r t a n t  i n  d e t e r m i n i n g  t h e  a c q u i s i t i o n  
and  i n - l o c k  p e r f o r m a n c e  o f  t h e  l o o p .  I n  t h i s  c h a p t e r  t h e  e f f e c t  o f  
the  w id th  and p o l a r i t y  of the d i s c r i m i n a t o r  c h a r a c t e r i s t i c s  on the  
a c q u i s i t i o n  of  l o c k  a r e  cons idered .  The e f f e c t  of  damping r a t i o  i s  
a l s o  c o n s i d e r e d .
3 .2  THE DELAY LOCK LOOP
The de lay  l o c k  l o o p  was f i r s t  p roposed  by S p i l k e r  and M a g i l l  [5]  
i n  1961 a s  "The d e l a y  l o c k  d i s c r i m i n a t o r  -  an  o p t im um  t r a c k i n g  
d e v i c e "  s p e c i f i c a l l y  f o r  t r a c k i n g  m a x i m a l  l e n g t h  PN s e q u e n c e s  i n  
r a n g i n g  s y s t e m s .  I t  i s  now a r g u a b l e  w h e t h e r  t h e  s t r u c t u r e  t h e y  
proposed  can be co n s id e re d  i n  any way "optimum", n e v e r t h e l e s s  i t  i s  a 
v e ry  u s e f u l  c i r c u i t .  Many, s l i g h t l y  d i f f e r e n t ,  v a r i a n t s  of th e  lo o p  
now e x i s t .  Most of  t h e s e  v a r i a n t s  conce rn  t h e  methods by which d a t a  
m o d u l a t i o n  i s  r e m o v e d  f ro m  t h e  r e c e i v e d  PN s e q u e n c e  i n  a s p r e a d -  
spec trum communica tion  system. The f o l l o w i n g  ty p e s  of  DLL have been 
used  i n  r a n g i n g  and communica tion sys tems.
i )  DLL f o r  s y n c h r o n i s in g  unmodulated  b in a ry  PN sequences.
i i )  DLL f o r  t ime ga t e d  PN sequences.
i i i )  DLL f o r  s y n c h r o n i s in g  d a t a  modula ted  b ina ry  PN sequences  u s in g :
d u p l i c a t e d  lo o p s ,  envelope  d e t e c t o r s  and square  law dev ices .
i v )  Coheren t  c a r r i e r  DLLs.
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D e t a i l e d  d e s c r i p t i o n s  of  th e se  lo o p s  can be found i n  r e f e r e n c e s  
[ 1 0 - 1 7 ].  I n  p r i n c i p l e  a l l  t h e s e  l o o p  c o n f i g u r a t i o n s  u s e  t h e  b a s i c  
l o o p  proposed  by S p i l k e r  and M ag i l l ,  and i t  i s  t h i s  l o o p  which w i l l  
be c o n s id e re d  i n  g r e a t e r  d e t a i l ,  t o g e t h e r  w i t h  a d e s c r i p t i o n  of  how 
t h e  l o o p  may be m o d i f i e d  t o  accommodate d a t a  modula ted  PN sequences.
The c h o i c e  o f  PN s e q u e n c e  i s  p a r t i c u l a r l y  i m p o r t a n t  i n  b o t h  
m u l t i - a c c e s s  and  r a n g i n g  s y s t e m s ,  a s  d e t a i l e d  i n  C h a p t e r  1. B o th  
s y s t e m s  r e q u i r e  s e q u e n c e s  w i t h  "good"  tw o  l e v e l  a u t o  c o r r e l a t i o n  
p e r f o r m a n c e  and  low  v a l u e s  o f  c r o s s - c o r r e l a t i o n  w hen  t h e  w a n t e d  
sequence  i s  c o r r e l a t e d  w i t h  the o t h e r ,  s i m i l a r  l e n g t h ,  PN sequences.  
M ax im al  l e n g t h  PN s e q u e n c e s  h a v e  r e l a t i v e l y  good c r o s s - c o r r e l a t i o n  
p r o p e r t i e s  and a two l e v e l  a u t o - c o r r e l a t i o n  f u n c t i o n ,  and have found 
w id e s p r e a d  use.
F i g u r e  3.1a shows a s c h e m a t ic  d iagram of a baseband model of  t h e  
b a s i c  H.L used  i n  a  r a n g i n g  system. The s t r u c t u r e  i s  s i m i l a r  t o  t h a t  
o f  a p h a s e  l o c k e d  l o o p ,  b u t  t h e  DLL h a s  a m ore  c o m p le x  p h a s e  
d e t e c t o r .  F i g u r e  3.1b shows  a s c h e m a t i c  d i a g r a m  o f  t h e  l o o p  w hen  
u s e d  a t  a n  I .F .  f r e q u e n c y .  I t  i s  o b v i o u s  t h a t  b o t h  b a s e b a n d  an d  I .F .  
l o o p s  a r e  i d e n t i c a l  i n  o p e r a t i o n .  C o n s i d e r i n g  t h e  b a s e b a n d  m o d e l ,  
t h e  r e c e i v e d  maximal l e n g t h  PN sequence i s  s e p a r a t e l y  c o r r e l a t e d  w i t h  
" e a r l y "  and  " l a t e "  r e p l i c a  s e q u e n c e s  g e n e r a t e d  l o c a l l y  w i t h i n  t h e  
l o o p  by a feedback  s h i f t  r e g i s t e r  sequence g e n e r a t o r  c locked  by t h e  
v o l t a g e  c o n t r o l l e d  o s c i l l a t o r  (V.C.O.). The s e p a r a t e  c o r r e l a t i o n s  
b e t w e e n  t h e  m a x im a l  l e n g t h  PN s e q u e n c e s  p r o d u c e  a  t r i a n g u l a r  
c o r r e l a t i o n  f u n c t i o n  of  w i d t h  2 b i t s  and n o r m a l i s e d  peak a m p l i t u d e  1. 
F o r  t h e  r e m a i n i n g  L-2  b i t s  t h e  c o r r e l a t i o n  h a s  a n  a m p l i t u d e  
o n ly  - 1 /L ,  where L=2*^-1 i s  the  l e n g t h  of  th e  maximal sequence and n
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i s  t h e  number of s h i f t  r e g i s t e r  s t a g e s  used. This  i s  shown i n  F ig u re  
3.2.  I f  t h e  e a r l y  and  l a t e  s e q u e n c e s  d i f f e r  by 2 b i t s ,  t h e  s e p a r a t e  
c o r r e l a t i o n s  d i f f e r  by 2 b i t s .  I f  t h e s e  c o r r e l a t i o n s  a r e  d i f f e r e n c e d  
the  co m p o s i te  c o r r e l a t i o n  f u n c t i o n  shown i n  F ig u re  3.3 (a) i s  formed.  
T h i s  f o r m s  t h e  d i s c r i m i n a t o r  c h a r a c t e r i s t i c ,  or  e r r o r  curve,  of  th e  
loop .  These c h a r a c t e r i s t i c s  form the phase d e t e c t o r  of the  l o o p  and 
th e  e r r o r  s i g n a l  fed  t o  th e  VCO i s  p r o p o r t i o n a l  to  th e  d i s c r i m i n a t o r  
c h a r a c t e r i s t i c ,  which i s  dependen t  upon  t h e  r e l a t i v e  d e l a y  b e t w e e n  
t h e  tw o  s e q u e n c e s .  (N o te  t h a t  t h i s  e r r o r  s i g n a l  w i l l  be o f f s e t  i n  
v o l t a g e  b e f o r e  b e i n g  a p p l i e d  t o  t h e  VCO an d  so  th e  s e n s e  o f  t h e  
f e e d b a c k  i s  a lw a y s  n e g a t iv e ) .
F o r  m a x i m a l  l e n g t h  PN s e q u e n c e s  t h e  d i s c r i m i n a t o r  
c h a r a c t e r i s t i c s  a r e  ’N* shaped over a  range  of  r e l a t i v e  de lay  be tween 
t h e  tw o  s e q u e n c e s  o f  o n ly  + 2 b i t s .  F o r  a l l  o t h e r  v a l u e s  o f  d e l a y  
t h e  d i s c r i m i n a t o r  c h a r a c t e r i s t i c  h a s  a v a l u e  o f  z e r o  an d  no 
i n f o r m a t i o n  r e g a r d i n g  t h e  r e l a t i v e  pdiase be tween t h e  codes i s  passed  
t o  t h e  VCO. To overcome t h i s  problem i t  i s  n ece ss a ry  t o  e n s u re  t h a t  
i n  t h i s  c o n d i t i o n  th e  VCO i d l e s  a t  a s l i g h t l y  h ig h e r  f requency  than  
the  c l o c k  f r eq u en cy  of the  r e c e i v e d  PN sequence so t h a t  the  lo o p  can 
perform a s e r i a l  s ea rch  of a l l  code epochs ,  u n t i l  t h e  codes n ex t  come 
i n t o  c o a r s e  s y n c h r o n i s a t i o n  where-upon  p u l l - i n  may be a t t e m p t e d  by 
t h e  l o o p .
I f  i n s t e a d  of  u s in g  e a r l y  and l a t e  sequences  which a r e  s e p a r a t e d  
by 2 A b i t s  ( f o r m i n g  w h a t  i s  t e r m e d  t h e  2A DLL), t h e y  a r e  
s e p a r a t e d  by only 1 b i t  a d i f f e r e n t  d i s c r i m i n a t o r  c h a r a c t e r i s t i c  i s  
formed ,  a s  shown i n  F ig u re  3.3b. A DLL w i t h  such a c h a r a c t e r i s t i c  i s  
t e r m e d  a lADLL.
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Figure 3.3. Discriminator characteristic or N-shaped 
error curve of 2A and lA delay lock loop.
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The c o r r e l a t i o n s  i n  t h e  DLL a r e  formed by th e  m ix e r s  i n  each arm 
and the  s i n g l e  low p ass  f i l t e r  c o n s t i t u t i n g  th e  lo o p  f i l t e r .  This  i s  
p o s s i b l e  because  t h e  m ix e r s  and t h e  d i f f e r e n c e  a m p l i f i e r  a r e  l i n e a r ,  
a n d  a s  t h e  c u t - o f f  f r e q u e n c y  o f  t h e  l o o p  f i l t e r  i s  much l o w e r  t h a n  
t h e  c l o c k  f r e q u e n c y  o f  t h e  PN s e q u e n c e  i t  a c t s  l i k e  a n  i n t e g r a t o r .  
I t  i s  n o t  n e c e ss a ry  t o  perform t r u e  c o r r e l a t i o n s  i n  each arm of th e  
l o o p  p r i o r  t o  d i f f e r e n c i n g ,  however, i t  should  be r e a l i s e d  t h a t  t h i s  
p l a c e s  s e v e r e  b a n d w i d t h  r e q u i r e m e n t s  on t h e  d i f f e r e n c e  a m p l i f i e r  
b e c a u s e  i t  m u s t  n o t  d i s t o r t  t h e  m ix ed  d i g i t a l  p u l s e s  p r i o r  t o  t h e  
d i f f e r e n c i n g  and f i l t e r i n g .
An advan tage  of  t h e  2 A DLL i s  t h a t  ^diase i n f o r m a t i o n  i s  s u p p l i e d  
over a  g r e a t e r  r an g e  of  de lay  e r r o r  and i t  th u s  h a s  the  advan tage  of  
b e in g  a b l e  t o  m a i n t a i n  f requency  l o c k  over  g r e a t e r  phase d e v i a t i o n s  
which o c c u r  when t h e  r e c e i v e d  PN sequence i s  c o r ru p te d  by n o i s e  which 
f req u en cy  m o d u la te s  t h e  VCO. The 1 A ILL e f f e c t i v e l y  has  a 3dB h ig h e r  
l o o p  g a i n  a n d  t h i s  g i v e s  a s l i g h t l y  i m p r o v e d  i n - l o c k  n o i s e  
performance .  However, f a r  more s e r i o u s ,  i s  t h e  f a c t  t h a t  t h e  maximum 
r a t e  a t  w h i c h  t h e  s e q u e n c e  e p o c h s  can be s e a r c h e d  s e r i a l l y  by t h e  
l o o p  i s  h a l f  t h a t  o f  t h e  2A DLL.
D a v i s  an d  A l - R a w a s  [ 1 8 , 1 9 ]  h a v e  c o n s i d e r e d  t h e  a d v a n t a g e s  i n  
b r o a d e n i n g  t h e  d i s c r i m i n a t o r  c h a r a c t e r i s t i c s  beyond  t h e  2h DLL 
c h a r a c t e r i s t i c s .  Although i t  m igh t  appea r  t h a t  t h i s  i s  a t  th e  expense 
of i n c r e a s e d  ha rd w are  com plex i ty ,  s i n c e  many e a r l y  and l a t e  r e p l i c a  
sequences  a r e  g e n e r a t e d  s i m u l t a n e o u s l y  by t h e  f eedback  s h i f t  r e g i s t e r  
sequence gene ra to r ,  t h e  i n c r e a s e d  hardw are  i s  con f ine d  t o  an  i n c r e a s e  
i n  t h e  num ber  o f  m i x e r s ,  one p e r  DLL arm ,  and  s e v e r a l  i n v e r t i n g  
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4A d e l a y  l o c k  l o o p  a n d  i t s  c o r r e s p o n d i n g  d i s c r i m i n a t o r  
c h a r a c t e r i s t i c .
The w i d e n e d  4A d i s c r i m i n a t o r  c h a r a c t e r i s t i c  i s  o b t a i n e d  by 
c o r r e l a t i n g  t h e  r e c e i v e d  PN sequence w i t h  s c a l a r  w e ig h te d  e a r l y  and 
l a t e  s e q u e n c e s  w h ic h  a r e  t h e n  a r i t h m e t i c a l l y  summed an d  f i l t e r e d .  
The a l g o r i t h m  f o r  d e t e r m in i n g  the s c a l a r  w e i g h t i n g s  of each sequence 
i s  g i v e n  i n  r e f e r e n c e s  [1 8 ,  1 9 ] .  The e f f e c t  o f  t h e  w i d t h  o f  t h e  
d i s c r i m i n a t o r  c h a r a c t e r i s t i c s  on t h e  maximum s e a r c h  r a t e  w i l l  be 
g iv e n  i n  s e c t i o n  3.2.4 of  t h i s  chap te r .
3 -2 .1  The D elay Lock Loop Used I n  D ata M odulated System s
S e q u e n c e  I n v e r s i o n  k e y i n g  i s  o f t e n  u s e d  f o r  d a t a  m o d u l a t i o n
[ 2 0 ] .  I n  s u c h  a t e c h n i q u e  t h e  p h a s e  o f  t h e  t r a n s m i t t e d  PN s e q u e n c e  
depends on t h e  l o g i c  s t a t e  of  t h e  d a t a  b i t ,  such t h a t  th e  PN sequence 
i s  i n v e r t e d  when the  d a t a  b i t  changes s t a t e .  When th e  l o c a l  r e p l i c a  
s e q u e n c e  i s  c o r r e l a t e d  a g a i n s t  t h e  d a t a  m o d u l a t e d  PN s e q u e n c e  t h e  
d i s c r i m i n a t o r  c h a r a c t e r i s t i c  i s  i n v e r t e d  a t  t h e  d a t a  r a t e .  Even 
t h o u g h  t h e  d a t a  r a t e  i s  much l o w e r  t h a n  t h e  c h i p  r a t e  o f  t h e  PN 
sequence ,  i t  i s  s t i l l  l i k e l y  to  be h ig h e r  th a n  the  c u t  o f f  f req u en cy  
o f  t h e  l o o p  f i l t e r  ( b e c a u s e  t h e  DLL l o o p  m u s t  be l e s s  p ro n e  t o  t h e  
e f f e c t s  o f  i n p u t  n o i s e  t h a n  t h e  d a t a  i f  t h e  s y s t e m  i s  t o  o p e r a t e  
r e l i a b l y ) .  Consequently  t h e  lo o p  f i l t e r  a v e ra g e s  o u t  t h e  a l t e r n a t i n g  
v a l u e  of t h e  e r r o r  s i g n a l ,  and th e  r e s u l t i n g  s i g n a l  f e d  t o  t h e  VCO i s  
z e ro .
R.B. Ward [20] h a s  m o d i f i e d  t h e  de lay  l o c k  l o o p  t o  p e r m i t  i t  t o  
be used  w i t h  sequence i n v e r s i o n  keyed d a t a  m odu la t ion .  This  i s  shown 
i n  F ig u re  3.5. The lo o p  c o r r e l a t o r  i s  d u p l i c a t e d ,  w i th  each h a l f  of
-  1 2 0  -
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Figure 3.5. Delay lock loop for use with sequence inversion 
keying modulation.
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F i g u r e  3 . 6 .  E n v e l o p e  c o r r e l a t i o n  d e l a y  l o c k  l o o p
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t h e  l o o p  r e c t i f i e d ,  and t h e  i n d i v i d u a l  c o r r e l a t o r  o u t p u t s  combined 
w i t h  an  a p p r o p r i a t e  d.c.  o f f s e t  t o  t h e  VCO t o  p r o v i d e  f u l l  wave 
r e c t i f i c a t i o n  of  t h e  e r r o r  s i g n a l .  Th is  e n s u r e s  t h a t  th e  f eed b a ck  i s  
a l w a y s  n e g a t i v e ,  r e g a r d l e s s  of  t h e  d a t a  p o l a r i t y .  T h i s  t e c h n i q u e  
r e q u i r e s  t w o  e x t r a  m i x e r s ,  a n d  may be  c o n s i d e r e d  s o m e w h a t  
e x t r a v a g a n t .
A s i m p l e r  t e c h n i q u e  f o r  m a i n t a i n i n g  t h e  p o l a r i t y  o f  t h e  e r r o r  
s i g n a l  t o  t h e  VCO i s  shown i n  F i g u r e  3.6.  H e re ,  i t  i s  s i m p l y  
n e c e s s a ry  t o  put  l i n e a r  am p l i t u d e  dem odu la to r s  i n t o  each arm of the  
DLL. This  a l s o  f u l l  wave r e c t i f i e s  the  d i s c r i m i n a t o r  c h a r a c t e r i s t i c .  
S i m p l e  d i o d e  c i r c u i t s  and  s q u a r e  la w  d e v i c e s  h a v e  b e e n  p r o p o s e d  t o  
p e r f o r m  t h e  a.m. d e m o d u l a t i o n ,  h o w e v e r ,  t h e s e  n o n - l i n e a r  m e t h o d s  
d i s t o r t  t h e  d i s c r i m i n a t o r  c h a r a c t e r i s t i c s ,  a s  s how n  i n  f i g u r e  3»7 
[ 1 4 ]  a n d  i t  w i l l  be s e e n  t h a t  t h e  DLÉ h a s  a v e r y  low e f f e c t i v e  g a i n  
a t  t h e  p o s i t i o n  o f  z e r o  d e l a y  e r r o r .  T h i s ,  o f  c o u r s e ,  s e r i o u s l y  
a f f e c t s  t h e  a b i l i t y  o f  t h e  l o o p  t o  m a i n t a i n  v e r y  a c c c u r a t e  p h a s e  
s y n c h r o n i s a t i o n  when i n  lock .  A s o l u t i o n  t o  t h i s  problem i s  t o  use 
the  "synchronous"  type of  a.m d e t e c t o r  shown i n  F ig u r e  3.8. I n  t h i s  
t y p e  o f  c i r c u i t  t h e  a.m. o r  d o u b l e  s i d e b a n d  m o d u l a t e d  s i g n a l  i s  f e d  
t o  one  i n p u t  o f  a m i x e r ,  w h i l s t  t h e  o t h e r  i n p u t  t o  t h e  m i x e r  i s  f e d  
from a  h a rd  l i m i t e d  v e r s i o n  of  t h e  s i g n a l .  This  type  of d e t e c t o r  i s  
l i n e a r  w i t h  a wide  dynamic range  o f  30-50dB (depending upon th e  m ixer  
u s e d ) .  I t  w i l l  be s e e n  h o w e v e r ,  t h a t  a l t h o u g h  t h e  s t r u c t u r e  o f  t h e  
l o o p  i s  s i m i l a r  t o  a  s t a n d a r d  DLL t h e  number  o f  m i x e r s  r e q u i r e d  i s  
s i m i l a r  to  t h a t  r e q u i r e d  by Ward's c i r c u i t .  Ormondroyd and S h ip to n  
[14] have proposed  a somewhat d i f f e r e n t  approach  u s i n g  the  t e c h n iq u e  
o f  d a t a  f e e d b a c k .  The t e c h n i q u e  i s  i l l u s t r a t e d  i n  F i g u r e  3 .9 .  A 
d a ta  e s t i m a t e  from the  d a ta  c o r r e l a t o r  i s  f ed  back to ,  and mixed w i t h





Figure 3.7. Discriminator characteristic with a square






F i g u r e  3 . 8 .  C o h e r e n t  e n v e l o p e  d e t e c t o r .
-  123  -
loop
f i l t e r
i+2
FSR PN sequence  
genera tor
VCO
f i x e d  
advance T
f i x ed  
de lay  T
M ( t - T j S ( t -T
hard
l i m i t e r VCO
loop
f i l t e r
po s t  c o r r e l a t i o n  
f i l t e r  I
data c o r r e l a t o r phase lock loop  
demodulator
PN sequence S ( t )  & data M(t)
audio  output
F i g u r e  3 . 9  D e l a y  l o c k  l o o p  w i t h  d a t a  f e e d b a c k .
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t h e  d a t a  modulated  PN sequence i n  t h e  DLL. I f  th e  d a t a  e s t i m a t e  i s  a 
good one d a t a  i s  removed from the PN sequence.  The d a ta  e s t i m a t e  i s  
o b t a i n e d  by p e r f o r m i n g  a slow s e r i a l  epoch  s e a r c h  b e t w e e n  t h e  
r e c e i v e d  and l o c a l l y  ge n e ra te d  sequence.  As the  two sequences  s l i d e  
p a s t  t h e  p o in t  of phase s y n c h r o n i s a t i o n  t h e  d a t a  e s t i m a t e  i s  made v i a  
the  normal da ta  c o r r e l a t o r .  This  e s t i m a t e  i s  used  t o  remove the d a t a  
on t h e  PN s e q u e n c e  and t h e  l o o p  " s n a p s "  i n t o  l o o k .  I f  t h e  s e r i a l  
s e a r c h  i s  t o o  f a s t  a r e l i a b l e  d a t a  e s t i m a t e  c a n n o t  be made an d  t h e  
phase l o c k  may not  be p o s s ib le .
3 .2 .2  A c q u is i t io n  u s in g  a  Delay Lock Loop
I n  g e n e r a l ,  an obvious  r e q u i r e m e n t  of  th e  s y n c h r o n i s a t i o n  system 
i s  t h a t  t h e  i n i t i a l  a c q u i s i t i o n  o f  l o c k  s h o u l d  be a s  r a p i d  a s  
p o s s i b l e  and  t r a c k i n g  o f  phase  c h a n g e s  due t o  d o p p l e r  s h i f t ,  e t c .  
shou ld  be a c c u r a t e  and f a s t .
As h a s  b e e n  s a i d  e a r l i e r  t h e  d e l a y  l o c k  l o o p  c an  be u s e d  f o r  
a c q u i r i n g  s y n c h r o n i s a t i o n  a s  w e l l  a s  m a i n t a i n i n g  p h a s e  
s y n c h r o n i s a t i o n .  The e r r o r  c u r v e  o b t a i n e d  f o r  m a x im a l  l e n g t h  
s e q u e n c e s  g i v e s  i n f o r m a t i o n  r e g a r d i n g  t h e  r e l a t i v e  p h a s e s  o f  t h e  
c o d e s  o n l y  w h e n  t h e  s e q u e n c e s  a r e  w i t h i n  - n a n d  + m b i t s  o f  
s y n c h r o n i s a t i o n  w h e r e  n = l / 2 ,  1, 2 ,  3 a n d  m = l / 2 ,  1, 2 ,  3 [ 1 8 ] .
Beyond t h i s  range  of de lay  e r r o r  no phase i n f o r m a t i o n  i s  a v a i l a b l e  t o  
th e  v o l t a g e  c o n t r o l l e d  o s c i l l a t o r  u n t i l  the  sequences  next  come i n t o  
s y n c h r o n i s a t i o n ,  w h ich  i s  a c h i e v e d  by o f f s e t t i n g  t h e  l o o p  v o l t a g e  
c o n t r o l l e d  o s c i l l a t o r  c lo ck  f requency  r e l a t i v e  t o  the  c lo c k  f req u en cy  
o f  t h e  r e c e i v e d  s e q u e n c e .  The a c q u i s i t i o n  t i m e  o f  t h e  d e l a y  l o c k  
lo o p  i s  the  mean t ime  ta k e n  to  sea rch  a l l  the  epochs  of  the  sequence ,  
p l u s  t h e  p u l l - i n  t i m e  r e q u i r e d  t o  a c h i e v e  a g i v e n  d e l a y  e r r o r
-  1 2 5
a c c u r a c y .  P u l l - i n  o c c u r s  f r o m  t h e  m o m en t  when  d e l a y  e r r o r  
i n f o r m a t i o n  i s  s u p p l i e d  t o  t h e  c o r r e l a t o r .  H owever ,  e v e n  i n  
n o i s e l e s s  c o n d i t i o n s  f i n a l  a c q u i s i t i o n  can only be g u a ra n t e e d  i f  t h e  
maximum i n i t i a l  s e a r c h  r a t e  i s  l e s s  t h a n  a c e r t a i n  c r i t i c a l  v a l u e ,  
which ,  f o r  t h e  second o r d e r  2 - A de lay  l o c k  l o o p  has  been found  t o  be
[2 1 ]
V = 2 0) bit/sec (3*1)max^ n
where i s  the  n a t u r a l  f requency  of th e  loop  ( r a d / s e c ) .
F o r  s e a r c h  r a t e s  a b o v e  t h i s  v a l u e  i t  i s  n o t  p o s s i b l e  f o r  t h e  
s t a n d a r d  2 -  A de lay  l o c k  loop  t o  a c q u i r e  lock .  I n  n o i s y  c o n d i t i o n s  i t  
i s  on ly  p o s s i b l e  t o  s p e c i fy  a p r o b a b i l i t y  t h a t  l o c k  w i l l  be a c h i e v e d  
[ 2 2 ] ,  e v e n  when  t h e  s e a r c h  r a t e  i s  l e s s  t h a n  t h e  maximum g i v e n  by 
e q u a t i o n  (3 .1 ) .
The s e a r c h  r a t e  can ,  o f  c o u r s e ,  be i n c r e a s e d  a r b i t r a r i l y  by 
i n c r e a s i n g  the  n a t u r a l  f requency  of  th e  l o o p  However, t h i s  i s  a t
t h e  expense  of  i n c r e a s e d  e q u i v a l e n t  n o i s e  bandwidth  of  th e  loop.  For 
a second o r d e r  l o o p  w i t h  a c t i v e  l a g - l e a d  f i l t e r  t h i s  i s  g iven  by:
\  ( 3 .2 )
d e f in e d  f o r  th e  f requency  range  -oo< u) <^,  where Ç i s  the  damping 
f a c t o r  of th e  loop.
Th is  would  w orsen  th e  i n - l o c k  phase j i t t e r  of  t h e  loop,  and t h e  
delay  l o c k  loop  d es ig n  must  be a compromise between good a c q u i s i t i o n  
per formance  and i n - l o c k  j i t t e r  perfo rmance  (and hence m ean - t im e  t o  
l o s s  o f  l o c k ) .
-  1 2 6
3 .2 .3  T ra n s ie n t  Perform ance o f  th e  Delay Lock Loop
The dynamics of a c q u i s i t i o n  and p u l l - i n  a r e  d e te rm in e d  by the  
l o o p  g a i n ,  l o o p  f i l t e r  c h a r a c t e r i s t i c s  an d  t h e  s h a p e  o f  t h e  
d i s c r i m i n a t o r  c h a r a c t e r i s t i c s .  In  p a r t i c u l a r ,  t h e s e  p a ra m e te r s ,  s e t  
t h e  maximum r a t e  of change of phase e r r o r  which t h e  l o o p  i s  a b l e  to  
t r a c k .  More i m p o r t a n t l y ,  they a l s o  s e t  th e  maximum r a t e  of change of 
p h a s e  a l l o w e d  i n  t h e  i n i t i a l  epoch  s e a r c h  f ro m  w h i c h  t h e  l o o p  c a n  
s t i l l  a c q u i r e  lock.
I t  i s  c o n v e n i e n t  t o  p r e s e n t  t h e  d e l a y  l o c k  l o o p  a s  a  l i n e a r  
e q u i v a l e n t  c i r c u i t  [5, 12, 13] i n  which  the  s e p a r a t e  de lay  l o c k  lo o p  
c o r r e l a t o r  a r m s  and  s e q u e n c e  g e n e r a t o r s  a r e  r e p l a c e d  by t h e  
d i s c r i m i n a t o r  c h a r a c t e r i s t i c s .  This  r e p r e s e n t s  t h e  mean v a l u e  of th e  
d e l a y  e r r o r  s i g n a l  f e d  t o  t h e  l o o p  f i l t e r  f o r  a  g i v e n  d e l a y  e r r o r  
be tween  th e  two sequences.
The l o o p  f i l t e r  h a s  a t r a n s f e r  f u n c t i o n  F ( s )  a n d  t h e  lu m p e d  
g a i n  o f  t h e  v o l t a g e  c o n t r o l l e d  o s c i l l a t o r  an d  m i x e r  i s  g i v e n  a s  G. 
L e t  u s  c o n s i d e r  t h a t  t h e  r e c e i v e d  s e q u e n c e  i s  s ( t  + t ) »  w h e r e  % i s  
some a r b i t r a r y  d e l a y .  The s e q u e n c e  h a s  tw o  v a l u e s ,  ±1 ,  an d  t h e  
l o c a l l y  g e n e r a t e d  sequence  i s  s ( t  + t  ) a l s o  w i t h  v a l u e s  of  ±.1. The 
t r a c k i n g  e r r o r  i s  e = t  -  î  , w h e r e  t  i s  t h e  e s t i m a t e  o f  t  . The 
o u tp u t  o f  t h e  c o r r e l a t o r  ne twork  i s :
{ s ( t + T ) [ s ( t + A + T )  -  s ( t - A + T ) ] }
Because of  th e  av e ra g in g  e f f e c t  of th e  l o o p  f i l t e r  t h i s  i s  e q u i v a l e n t  
t o  t h e  f o l l o w i n g  c o r r e l a t i o n  e s t i m a t e :
=  R ( t - t - A )  -  R ( t - t + A )  =  D ( T - T )  = D ( e )
z  A 2A
-  1 2 7 -
For a more g e n e ra l  loop  (e ) may be r e p l a c e d  by D(c)« The l i n e a r  
model of  the  loop  i s  shown i n  F ig u re  3.10. From t h i s  i t  i s  a p p a r e n t  
t h a t  t h e  t im e  e s t i m a t e ,  % i s  e x p re s s e d  a s :
T = — [D(E) ] sec (3.3)s
So D(e) i s  the  no rm a l i s e d  d i s c r i m i n a t o r  c h a r a c t e r i s t i c  which r e l a t e s  
t h e  d e l a y  e r r o r ,  e , b e t w e e n  t h e  s e q u e n c e s  t o  t h e  c o n t r o l  s i g n a l  
o p e r a t e d  on by GF(s)/s .
N o rm a l i s in g  t h e  t i m i n g  e s t i m a t e  and d e lay  e r r o r  i n t o  b i t s  r a t h e r  
t h a n  r e a l  t im e  we may d e f in e  new v a r i a b l e s  x and y such t h a t :
e/T z X, t / T  = y  and D(e/T) = D(x)
w here  T % A % the  p e r io d  of one ch ip  of  t h e  maximal sequence.
Equa t ion  3.3 becomes:
s ( x - y )  z GF(s) [D(x)]  (3 .4 )
F(s)  i s  g e n e r a l l y  e i t h e r  a p a s s iv e  l a g - l e a d  low p a s s  f i l t e r :
1 +  S
F / ' )  = 1 + s' ( 3 .5 )
or  an a c t i v e  l a g - l e a d  low pass  f i l t e r .
1 +  T _  S
F 2 ( s ) = - j- ^ -----  (3 .6 )
U s i n g  t h e  p a s s i v e  f i l t e r  f o r  t h e  s a k e  o f  g e n e r a l i t y ,  i t  i s  p o s s i b l e  
t o  d e f i n e  t^= G/w^^,  % 2 ( 2 C / w ^ - l / G )  a n d  gzG/w^, w h e r e  Ç i s  t h e
d a m p in g  f a c t o r  o f  t h e  l o o p .  I f  t h e  g a i n  G i s  h i g h ,  s u c h  
t h a t  1 / g  « 2 ^  then:
1 + 2 s/o)
sFl(»)== i7g v- s ^ r  (3-7)
1 2 8  -
closed loop transfer function H ( s/Sq )
equivalent input
n (t,e)+n (t)/v^ s n s












Figure 3.10. Linearised equivalent circuit for 
the delay lock loop, valid for;
a) Block diagram
b) Loop filter
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and th u s
1 +  2 ^ 3 /(X)
D e f in in g  [23]
1 dy . • 1 dx
7 = ÏT dE ’  ̂ = IT dE
n  n
a s  n o r m a l i s e d  r a t e s  of  change of y and x ( b i t / s e c )  g i v e s  t h e  r e s u l t s :
(y-x) + y-x* = D(x) + 2Ç  ̂dx̂  ̂  ̂ ( 3 .9 )
w hich  may be r e w r i t t e n  as :
. D(x) + 2Ç D(x) X  - y + — (x-y)
^  = _ ________________________ i ______  (3.10)dx
X
This  i s  the  d e f i n i n g  e q u a t io n  of  the n o r m a l i s e d  phase p lane  o f  
t h e  a c q u i s i t i o n  t r a j e c t o r y .  T h i s  n o n - l i n e a r  e q u a t i o n  c a n n o t  be 
s o l v e d  a n a l y t i c a l l y .  For s p r e a d  s p e c t r u m  a p p l i c a t i o n s  w h e r e  t h e  
t r a n s m i t t e r  and  r e c e i v e r  a r e  s t a b l e  and  s t a t i o n a r y  y and  ÿ w i l l  be 
z e r o .  F o r  m o b i l e  a p p l i c a t i o n s  w h e r e  t h e r e  i s  a c o n s t a n t  D o p p l e r  
s h i f t  y i s  f i n i t e  but  y i s  s t i l l  ze ro ,  y r e p r e s e n t s  t h e  s teady  s t a t e  
t r a c k i n g  e r r o r  due t o  t r a n s m i t t e r  code  o f f s e t  an d  t h i s  may be i n  a 
d i r e c t i o n  w h i c h  r e i n f o r c e s  t h e  i n i t i a l  epoch  s e a r c h  r a t e ,  o r  
c o u n t e r a c t s  i t .  However ,  i t  i s  t h e  n e t  r a t e  o f  change  o f  t h e  
n o r m a l i s e d  e r r o r  s i g n a l ,  x, which i s  i m p o r t a n t  f o r  a c q u i s i t i o n .  I f  ÿ 
i s  0 then  the  n o r m a l i s e d  i n i t i a l  epoch s e a r c h  r a t e  may be s e t  a t  t h e  
v a lu e  Xg where Xg i s  t h e  h i g h e s t  v a l u e  of  x which  w i l l  s t i l l
a l l o w  p h a s e  l o c k .  I f  ÿ i s  f i n i t e  and  p o s i t i v e  t h e  maximum i n i t i a l  
e poch  s e a r c h  r a t e  (Xg -  ÿ)  w i l l  be r e d u c e d .  I f  t h e  
Doppler  s h i f t  i s  such t h a t  ÿ i s  n e g a t iv e  th e  t r a n s m i t t e d  sequence i s  
f o r c e d  t o  s l i d e  p a s t  t h e  l o c a l  s e q u e n c e  and  t h e  n e t  s e a r c h  r a t e  i s
-  1 3 0  -
enhanced,  ‘ÿ i s  only non z e r o  when t h e  v e h i c l e  i s  a c c e l e r a t i n g  o r  the  
r e c e i v e r  VCO i s  n o t  s t a b l e .  As ÿ a n d  y  may be a s s u m e d  t o  be z e r o  i n  
normal c o n d i t i o n s ,  and g i s  h i ^ ,  th e  p^ase p lane  e q u a t i o n  can now 
be w r i t t e n  a s :
X -3-^ = * x * = - D ( x ) - 2 Ç i ) ( x )  ( 3*  1 1 )d X
w h i c h  c an  be s p l i t  i n t o  two s i m u l t a n e o u s  f i r s t  o r d e r  d i f f e r e n t i a l  
e q u a t i o n s :
4) = X
4) = - D ( x )  ~2Ç D ( x )  (3 .12 )
T hese  can  be s o l v e d  u s i n g  t h e  R a n g e - K u t t a - M e r s o n  n u m e r i c a l  
t e c h n i q u e .  The m e th o d  r e q u i r e s  i n i t i a l  c o n d i t i o n s  f o r  x a n d  x and  
the n  s u b s e q u e n t  v a l u e s  of  x can be found  f o r  s t e p s  of  x which  s a t i s f y  
e q u a t i o n  3.12 .  I n  t h i s  way t h e  t r a j e c t o r y  c a n  be b u i l t  up. The 
t r a j e c t o r y  i n d i c a t e s  w h e t h e r  l o c k  h a s  b e e n  a c h i e v e d  o r  n o t .  The 
i n i t i a l  c o n d i t i o n ,  Xg, i s  th e n  a d j u s t e d  and a new t r a j e c t o r y  computed 
u n t i l  t h e  maximum s e a r c h  r a t e  i s  f o u n d .  T h i s  o c c u r s  when  t h e  
t r a j e c t o r y  does  no t  converge t o  t h e  jx j in t  x = x = 0,
By e x a m i n i n g  e q u a t i o n s  (3 .1 2 ) ,  i t  i s  c l e a r  t h a t  t h e  l o c k - o n  
t r a n s i e n t  o f  t h e  de lay  l o c k  lo o p  depends q u i t e  c r i t i c a l l y  on t h e  N- 
shape de lay  e r r o r  c h a r a c t e r i s t i c  D(x), and th e  maximum i n i t i a l  r a t e  
o f  change x o r  è. The c h a r a c t e r i s t i c  of  D(x) a l s o  de termines  how much 
t h e  r e c e i v e d  s i g n a l  and  t h e  l o c a l l y  g e n e r a t e d  s e q u e n c e  can  be 
d i s p l a c e d  w i t h o u t  l o s i n g  l o c k  w hen  p h a s e  s y n c h r o n i s a t i o n  h a s  b e e n  
ach iev ed .
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3 .2 .4  E f f e c t  o f  t h e  W i d t h  o f  t h e  D i s c r i m i n a t o r  
C h a r a c te r i s t i c  on th e  Maximum S earch  R ate
The maximum i n i t i a l  s ea rch  or  s l i p p i n g  r a t e  h a s  been computed 
by s e v e r a l  a u t h o r s  [12 ,  13,  18]  f o r  d i f f e r e n t  t y p e s  o f  d e l a y  l o c k  
lo o p s ,
N e i l  s e n  [2 1 ]  c o r r e c t e d  t h e  r e s u l t s  o f  S p i l k e r  [ 1 3 ]  an d  Z e g e r s  
[ 2 4 ]  by s p e c i f y i n g  t h e  r e q u i r e m e n t  t h a t  t h e  d i s c r i m i n a t o r  
c h a r a c t e r i s t i c  s h o u l d  h a v e  a s l o p e  o f  - 1  a t  x = 0, and  show ed  t h a t
t h e  maximum i n i t i a l  s l i p p i n g  r a t e  o f  1-A s e c o n d  o r d e r  d e l a y  l o c k
loop,  Vi i s
Vi = ti3jj f o r  Ç = 0.707 w h e r e  = n a t u r a l  f r e q u e n c y  o f  t h e  l o o p  
and  V = a s  d e f i n e d  e a r l i e r .
For 2 - A de l a y  l o c k  l o o p  Vg i s :
^2 max " ^ ^n
T he i r  pdiase p lane  p l o t  or  th e  a c q u i s i t i o n  t r a j e c t o r i e s  a r e  shown 
i n  F i g u r e s  3.11 and 3 .12 f o r  d i f f e r e n t  v a l u e s  n o r m a l i s e d  i n i t i a l  
s e a r c h  r a t e ,  ( i . e .  y i s  a s s u m e  t o  be z e r o  and  = l  r a d  s “ l ) .
Davis and Al-Rawas [18, 19] have shown t h a t  th e  i n i t i a l  s e a r c h  
r a t e  may be i n c r e a s e d  w i t h o u t  i n c r e a s i n g  by b r o a d e n i n g  t h e  
d i s c r i m i n a t o r  c h a r a c t e r i s t i c s  bqyond the  normal w i d th  o f  1-A or 
2 - A l o o p s  by t h e  u se  of  a d d i t i o n a l  " e a r l y "  an d  " l a t e "  c o r r e l a t i o n s  
which a r e  s c a l a r  w e ig h ted  and summed, or d i f f e r e n c e d ,  a s  a p p r o p r i a t e .  
They showed t h a t  t h e  maximum s e a r c h  r a t e ,  max* t h e
second o r d e r  4-A delay  l o c k  l o o p  when C= 0.707 i s :
^4 max -
w h ic h  i s  e q u a l  t o  t w i c e  t h e  s e a r c h  r a t e  o f  t h e  2 -  A l o o p  h a v i n g  t h e  
same Ç and The a c q u i s i t i o n  t r a j e c t o r i e s  a r e  shown i n  f i g u r e  3.13.
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Figure 3.12. Acquisition trajectories of 2-A DLL
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F i g u r e  3 . 1 3 .  A c q u i s i t i o n  t r a j e c t o r i e s  o f  4 -A  DLL
- 1 3 4 -
T h e r e f o r e  i n  g e n e r a l  f o r  s y m m e t r i c a l  s e c o n d  o r d e r  d e l a y  l o c k  
l o o p s  i . e .  m=n,
max “ ^ ^n
w h e r e  K i s  t h e  s e p a r a t i o n  b e t w e e n  t h e  " e a r l y "  a n d  " l a t e "  l o c a l  
r e f e r e n c e  sequences  i n  the  delay  l o c k  loop .
H ow ever ,  t h e  c a s e  o f  t h e  a s y m m e t r i c  l o o p  h a s  n o t  b e e n  c o v e r e d  
p r e v i o u s l y .  As p a r t  o f  t h i s  p ro g ram  o f  r e s e a r c h  i t  h a s  b e e n  f o u n d  
t h a t  f o r  t h e  g e n e ra l  (n, m)A a s y m m e t r i c  l o o p  t h e  maximum sea rch  r a t e  
of  the  second o r d e r  loop ,  f o r  C = 0.707 i s  [25].
V m a x - ( 2 . 3 m  -  0 .3n)  (3.13)
f o r  G  ►oo, Ç= 0 .7 0 7 .
I t  can  be s een  t h a t  m%r be i n c r e a s e d  a l m o s t  a r b i t r a r i l y  by
i n c r e a s i n g  th e  w id th  of  the  d i s c r i m i n a t o r  c h a r a c t e r i s t i c s .  The l i m i t  
i s  s e t  by t h e  l e n g t h  o f  t h e  f e e d b a c k  s e q u e n c e  g e n e r a t o r ,  and  t h e  
p e n a l t y  i s  i n c r e a s e d  h a r d w a r e  c o m p l e x i t y .  I n  e f f e c t ,  t h e  e x t r a  
c o r r e l a t i o n s  p r o v i d e  p a r a l l e l  p r o c e s s i n g  o f  t h e  code  e p o c h s .  By 
e x a m i n i n g  e q u a t i o n  3»13» i t  can  be s e e n  t h a t  by i n c r e a s i n g  m o n l y ,  
i . e .  b r o a d e n i n g  t h e  " l a t e "  c o r r e l a t i o n  f u n c t i o n  " t r i a n g l e " ,  t h e  
maximum i n i t i a l  s e a r c h  r a t e  can be i n c r e a s e d .  But by i n c r e a s i n g  n or  
t h e  " e a r l y "  t r i a n g l e  of  t h e  d i s c r i m i n a t o r  c h a r a c t e r i s t i c  t h e  maximum 
s e a r c h  r a t e  w i l l  be d e c r e a s e d .  T h i s  i s  a n  i m p o r t a n t  d e s i g n  
c r i t e r i o n .  A s i m p l e  e x p l a n a t i o n  o f  t h i s  b e h a v i o u r  i s  t h a t  a s  t h e  
l o o p  p e r f o r m s  a s e r i a i l  s e a r c h  a t  t h e  r a t e  Xg no i n f o r m a t i o n  i s  
p r o v i d e d  t o  t h e  VCO t o  a l t e r  t h i s  r a t e .  As t h e  s e q u e n c e s  came i n t o  
p h a s e  s y n c h r o n i s a t i o n  t h e  p o s i t i v e  s l o p e  of  t h e  d i s c r i m i n a t o r
-  135  -
c h a r a c t e r i s t i c  c a u s e s  t h e  VCO t o  i n c r e a s e  i t s  s e a r c h  r a t e  ( n o t e  
f e e d b a c k  i s  s t i l l  ne g a t iv e  because  of t h e  v o l t a g e  o f f s e t  on t h e  VCO). 
The p e r i o d  o f  a c c e l e r a t i o n  l a s t s  f o r  o n ly  1 b i t  o f  d e l a y  e r r o r ,  
however,  the  slope of the  d i s c r i m i n a t o r  over t h i s  r e g i o n  i s  d i r e c t l y  
p r o p o r t i o n a l  t o  n, and  t h i s  d e t e r m i n e s  t h e  maximum v a l u e  o f  x 
a c t u a l l y  a c h i e v e d  d u r i n g  p u l l  i n .  When t h e  s e q u e n c e s  a r e  
s y n ch ro n is ed  by a f u r t h e r  b i t  t h e  s lope  of  th e  c h a r a c t e r i s t i c  changes 
t o  -1  (because c h a r a c t e r i s t i c s  i n  t h i s  r e g i o n  a r e  a lways  n o r m a l i s e d  
t o  - 1 )  an d  t h e  VCO d e c r e a s e s  i n  f r e q u e n c y  and t h e  s e a r c h  p r o c e s s  
s l o w s  down. F or  a c q u i s i t i o n  o f  l o c k  t h e  c r i t i c a l  p a r a m e t e r  i s  t h e  
v a l u e  o f  X when x = 0 i n  t h e  u p p e r  q u a d r a n t  o f  t h e  p h a s e  p l a n e .  
Thus ,  i f  t h e  l o o p  s e a r c h  p r o c e s s  s l o w s  down a t  a  c o n s t a n t  r a t e  f o r  
a l l  t y p e s  o f  l o o p  t h e  p e r i o d  o f  d e c e l e r a t i o n  b e f o r e  x=0 m u s t  be a s  
l o n g  a s  p o s s i b l e .  T h i s  i m p l i e s  a  l a r g e  v a l u e  o f  m. T h i s  b e h a v i o u r  
i s  shown i n  t h e  f o l l o w i n g  loops .  F ig u r e  3.14 shows t h e  a c q u i s i t i o n  
t r a j e c t o r i e s  of  two k in d s  of  de lay  l o c k  lo o p  h a v in g  the  same w id th  of 
d i s c r i m i n a t o r  c h a r a c t e r i s t i c ,  b u t  d i f f e r e n t  e a r l y  a n d  l a t e  
a u t o c o r r e l a t i o n  f u n c t i o n s  (n,  m). The 2-3A d e l a y  l o c k  l o o p  h a s  a 
maximum n o rm a l i s e d  i n i t i a l  s ea rch  r a t e  of Xg=6.2, which i s  much more 
th a n  t h a t  of t h e  3-2A de lay  l o c k  lo o p  which  i s  o n ly  3.7.
I n  a l l  t h e s e  a c q u i s i t i o n  t r a j e c t o r i e s ,  t h e  l o o p  p a r a m e t e r s  
c h o s e n  w e r e :  w^=l r a d / s e c ,  C= 0 .707 ,  g — . A lso  t h e  s l o p e  o f  t h e  
d i s c r i m i n a t o r  c h a r a c t e r i s t i c  D(0) was  n o r m a l i s e d  t o  -1 ,  a s  p o in t e d  
o u t  by N ie l s e n  [21],  t o  e n s u re  i d e n t i c a l  i n - l o c k  pe r fo rm ance  f o r  each 
l o o p .  Each t r a j e c t o r y  sh o w s  t h a t  t h e r e  i s  a maximum s e a r c h  
r a t e  Above which,  i t  i s  no t  p o s s i b l e  t o  a c h i e v e  lock .
F i n a l l y ,  t h e  1 - 3 a d e l a y  l o c k  l o o p ,  w h i c h  h a s  a 4 A 
d i s c r i m i n a t o r  c h a r a c t e r i s t i c  w id th  i s  compared w i t h  a) 4-A delay  lock
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F i g u r e  3 . 1 4  ( a ) .  A c q u i s i t i o n  t r a j e c t o r i e s  o f  2 - 3 A  DLL
-  1 3 7  -
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Figure 3.14(b). Acquisition trajectories of 3-2A DLL






Figure 3.15. Acquisition trajectories of 1-3A DLL
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l o o p  and b) an  even w id e r  d i s c r i m i n a t o r  c h a r a c t e r i s t i c  w id th  such as  
2 - 3 A delay  l o c k  loop.  The a c q u i s i t i o n  t r a j e c t o r i e s  of  t h e  1 - 3 A  de lay  
lo c k  lo o p  i s  shown i n  F ig u r e  3 . 1 5 ,  which shows a maximum se a rc h  r a t e  
o f  6 . 5  C l e a r l y  t h i s  i s  much h i g h e r  t h a n  f o r  t h e  4 - A  d e l a y  l o c k  
l o o p  b e c a u s e  t h e  1 - 3 A  l o o p  h a s  s m a l l e r  n ( i . e .  l o w e r  a c c e l e r a t i o n )  
a n d  l a r g e r  m. I n  t h e  s e c o n d  c a s e  a l t h o u g h  t h e  2 - 3 A  l o o p  i s  w i d e r  
t h a n  t h e  1 - 3 A  l o o p ,  t h e  l a t t e r  g i v e s  h i g h e r  s e a r c h  r a t e ,  b e c a u s e  i t  
ha s  s m a l l e r  n and same m. The d i s a d v a n ta g e  of  h a v in g  sm al l  n i s  t h a t  
t h e  s y s t e m  may l o s e  l o c k  u n d e r  h i g h  i n t e r f e r e n c e  s i g n a l  o r  p o o r  
s i g n a l  t o  n o i s e  r a t i o .  So one c an  n o t e  t h a t  t h e  s e a r c h  r a t e  c an  be 
made h i g h e r  i f  t h e  p e r i o d  f o r  w h ic h  t h e  l o o p  d e c e l e r a t e s  ( i n  b i t s )  
can  be i n c r e a s e d  r e l a t i v e  t o  t h e  p e r i o d  o f  a c c e l e r a t i o n .  I t  i s  
c l e a r  t h a t  t h e  4 - A ,  1 - 3 A ,  and  2 - 3 A l o o p s  h a v e  l o n g e r  p e r i o d s  o f  
d e c e l e r a t i o n  r e l a t i v e  t o  the  p e r io d  of  a c c e l e r a t i o n  th a n  f o r  t h e  1 - A ,  
2 - A ,  and 3 - 2 A  l o o p s .  A l th o u g h  t h e  p e r i o d s  o f  d e c e l e r a t i o n  a r e  t h e  
same f o r  3 - 2 A  l o o p  and 2 - 3 A  l o o p  ( o r  4 - A  l o o p  a n d  1 - 3 A  l o o p ) ,  t h e  
a c c e l e r a t i o n  i s  tw ic e  a s  f a s t .
An i m p o r t a n t  c o n s e q u e n c e  o f  i n c r e a s i n g  t h e  w i d t h  o f  t h e  
d i s c r i m i n a t o r  c h a r a c t e r i s t i c s  i s  t h a t  t h e  l o o p  c a n  t o l e r a t e  w i d e r  
phase d e v i a t i o n s  w i t h o u t  l o s i n g  l o c k  due t o  e i t h e r  Doppler  S h i f t  o r  
p h a s e  j i t t e r  on t h e  VCO due t o  t h e  p r e s e n c e  o f  n o i s e  on  t h e  VCO 
c o n t r o l  s ig n a l .
3.2.5 E f f e c t  o f  G ain  on th e  A c q u is i t io n  T r a j e c t o r i e s
F i g u r e  3.16 shows  t h e  a c q u i s i t i o n  t r a j e c t o r y  o f  a  s t a n d a r d  2A 
DLL p l o t t e d  f o r  an  i d e a l  l o o p  g a i n ,  g=œ and  a l o o p  g a i n  g=10.  
N e i l  s e n  an d  S p i l k e r  [21 ,  1 0 ]  hav e  p r e v i o u s l y  r e p o r t e d  t h a t  i f  g>10 
g a i n  h a s  v e r y  l i t t l e  e f f e c t  on t h e  t r a j e c t o r y ,  and  t h e  maximum
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g = 1 0
-3 -2
Figure 3.16. Effect of gain on the acquisition 
trajectories (2A DLL C=0.707).
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i n i t i a l  s e a r c h  r a t e  i s  l i t t l e  a f f e c t e d .  However ,  F i g u r e  3.16 
i l l u s t r a t e s  two o t h e r  i n t e r e s t i n g  e f f e c t s .  The f i r s t  i s  t h a t  when 
th e  lo o p  g a i n  i s  low th e  f i n a l  s teady  s t a t e  phase e r r o r  (x^ b i t s )  i s  
c o n s i d e r a b l y  l a r g e r  t h a n  f o r  g = o o  w h e r e  s t e a d y  s t a t e  e r r o r  i s  0. 
T h i s  i s  due t o  l o o p  s t r e s s ,  a s  p o i n t e d  o u t  by G a r d n e r ,  B e c a u s e  t h e  
l o o p  VCO i d l e s  a t  f r e q u e n c y  g r e a t e r  t h a n  t h e  n o m i n a l  code  c l o c k  
f requency  when f requency  s y n c h r o n i s a t i o n  has  been ach ieved ,  a  s t e a d y  
s t a t e  e r r o r  v o l t a g e  i s  r e q u i r e d  t o  f o r c e  t h e  VCO to  o s c i l l a t e  a t  t h e  
code c lo c k  f requency .  Th is  e r r o r  v o l t a g e  can only be g e n e r a t e d  v i a  
the  d i s c r i m i n a t o r  and the  two codes a r e  phased o f f s e t  to  p rov ide  th e  
e r r o r  s i g n a l .
The second p o i n t  i s  t h a t  i f  Xg > Xg t h e  l o o p  canno t  a c q u i r e  
p h a s e  s y n c h r o n i s a t i o n  and  t h e  c o d e s  c o n t i n u e  t o  s l i d e  p a s t  e a c h  
o t h e r .  N o te ,  h o w e v e r  t h a t  when g = “  t h e r e  i s  a  new s t e a d y  s t a t e  
s e a r c h  r a t e  Xg which i s  lo w e r  th a n  th e  i n i t i a l  s e a r c h  r a t e .  Th is  
i s  p o s s i b l e  b e c a u s e  of  "memory" o f  t h e  l o o p  w h ic h  s t o r e s  t h e  l a s t  
v a l u e  of de lay  e r r o r  v o l t a g e  when the  d i s c r i m i n a t o r  c h a r a c t e r i s t i c s  
change  t o  0 a t  +2 b i t .
When g <00 t h i s  memory e f f e c t  i s  i m p e r f e c t  -  a s  shown i n  f i g u r e  
3.16 and the  s e a r c h  r a t e  a f t e r  the  a b o r t i v e  s y n c h r o n i s a t i o n  a t t e m p t  
s lo w ly  changes back t o  t h e  i n i t i a l  va lu e  of  Xg.
3 .3  A MODIFIED DH.AT LOCK LOOP FOR IMPROVED SEARCH RATE
I t  i s  o f  g r e a t  i n t e r e s t  t o  m o d i f y  t h e  e x i s t i n g  s t a n d a r d  d e l a y  
l o c k  l o o p s  d i s c u s s e d  e a r l i e r  so t h a t  t h e y  can g i v e  a h i g h e r  s e a r c h  
r a t e  to  m in im ise  t h e  a c q u i s i t i o n  t im e ,  a w id e r  s ea rch  and t r a c k i n g  
r a n g e ,  and  a l l o w  h i g h e r  D o p p le r  s h i f t  t o  be t o l e r a t e d .  The
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a c q u i s i t i o n  t i m e  i s  d o m i n a t e d  by t h e  s e r i a l  s e a r c h  of  t h e  code 
e p o c h s ,  r a t h e r  t h a n  t h e  p u l l - i n  t i m e .  T h i s  can  be v e r y  l o n g ,  
e s p e c i a l l y  when t h e  code s e q u e n c e  u s e d  i s  v e r y  l o n g .  I n  s p r e a d  
spec t rum  s ys tem s  th e  l e n g t h  of the sequence i s  very  i m p o r t a n t  because  
i t  d e t e r m i n e s  th e  code r e p e t i t i o n  r a t e  R^.
c lo c k  r a t e  i n  b i t  per  sec
= ---------------------------------------------------------------
code l e n g th  i n  b i t s
T h i s  r e p e t i t i o n  r a t e  d e t e r m i n e s  t h e  l i n e  s p a c i n g  i n  t h e  r a d i o  
f r e q u e n c y  o u t p u t  s p e c t r u m  an d  i t  i s  a n  i m p o r t a n t  c o n s i d e r a t i o n  i n  
system des ign.  One c r i t e r i o n  f o r  s e l e c t i n g  code r e p e t i t i o n  r a t e  i s  
t h a t  the  p e r io d  of the  code must  exceed  th e  l e n g t h  of any m i s s i o n  i n  
w h i c h  i t  i s  t o  be u sed .  I n  m o s t  a i r c r a f t ,  f o r  i n s t a n c e ,  an  e i g h t -  
h o u r  code  p e r i o d  may be u s e d  t o  e x c e e d  t h e  f l i g h t  c a p a b i l i t y  [ 1 5 ] .  
The re fo re ,  t h e  a c q u i s i t i o n  t i m e  could be very  long  a s  w e l l ,  and hence 
a s i g n i f i c a n t  amount of  i n f o r m a t i o n  could be l o s t ,
From th e  f o r e g o i n g  i t  i s  a p p a r e n t  t h a t  t h e  i n i t i a l  s e a r c h  r a t e  
can  be i n c r e a s e d ,  w i t h o u t  a l t e r i n g  t h e  i n - l o c k  p e r f o r m a n c e  o f  t h e  
l o o p  i f  t h e  i n i t i a l  a c c e l e r a t i o n  of  t h e  sea rch  p ro c e s s  can be e i t h e r  
r e m o v e d ,  r e d u c e d ,  o r  c h a n g e d  i n t o  d e c e l e r a t i o n  i t  i s  p o s s i b l e  t o  
i n c r e a s e  t h e  i n i t i a l  s e a r c h  r a t e  o f  t h e  d e l a y  l o c k  l o o p  y e t  s t i l l  
e n s u r e  t h a t  t h e  maximum r a t e  of  p h a s e  c h a n g e  a l l o w s  a c q u i s i t i o n .  
C o n t r o l l i n g  t h e  d i s c r i m i n a t o r  c h a r a c t e r i s t i c s  from w i t h i n  t h e  l o o p  
e n a b l e s  t h i s  improvement  t o  be e f f e c t e d .
3.3.1 Switched Delay Lock Loop
T h i s  s e c t i o n  show s  t h a t  a s i g n i f i c a n t  i n c r e a s e  i n  s e a r c h  r a t e  
may be o b t a i n e d  by c o n t r o l l i n g  t h e  s h a p e  o f  t h e  d i s c r i m i n a t o r
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c h a r a c t e r i s t i c  f ro m  w i t h i n  t h e  l o o p  so  t h a t  t h e r e  i s  a m i n i m a l  
a c c e l e r a t i o n  of the sea rch  r a t e  d u r in g  p u l l  in .
F i g u r e  3.17 shows a s c h e m a t ic  diagram of a s w i t c h e d  2-A and 4- a 
de lay  l o c k  lo o p  a p p l i e d  t o  r a n g i n g  r e c e i v e r s .  These Eire p u r e ly  f o r  
i l l u s t r a t i o n  and t h e  t e ch n iq u e  may be a p p l i e d  t o  any de lay  l o c k  l o o p  
c o n f i g u r a t i o n .  C o n t r o l  o f  t h e  d i s c r i m i n a t o r  c h a r a c t e r i s t i c  i s  
a c h i e v e d  by t h e  a d d i t i o n  o f  a l i n e a r  m u l t i p l i e r ,  a l a t c h i n g  
changeover s w i tch ,  and a peak h o ld / c o m p a ra to r .  For a b in a ry  sequence  
an  exc lus ive-O R g a t e  c o n t r o l l e d  by an R-S l a t c h  may be used i n s t e a d  
of th e  m u l t i p l i e r  and sw i tch .
The b a s i s  o f  t h e  m o d i f i c a t i o n  i s  t o  c o n t r o l  t h e  s h a p e  o f  t h e  
d i s c r i m i n a t o r  c h a r a c t e r i s t i c  from t h a t  of  the  s t a n d a r d  d i s c r i m i n a t o r  
c h a r a c t e r i s t i c  o f  F i g u r e  3.18 ( a )  t o  t h a t  o f  F i g u r e  3.18  ( b ) ,  show n  
d ra w n  f o r  1 - A, 2-A, and 4 - A l o o p s .  The e x a c t  p o s i t i o n  a t  w h i c h  t h e  
d i s c r i m i n a t o r  c h a r a c t e r i s t i c s  a r e  c h a n g e d  i s  d e t e r m i n e d  f r o m  t h e  
o u t p u t  o f  t h e  l o o p  f i l t e r  and  t h e  v a l u e  o f  t h e  r e f e r e n c e  v o l t a g e  
^PQf I n  g e n e r a l  t h e  l o o p  i s  f i r s t  s w i t c h e d  t o  p r o d u c e  t h e  
d i s c r i m i n a t o r  c h a r a c t e r i s t i c  o f  F i g u r e  3.18  (b)  d u r i n g  t h e  i n i t i a l  
a c q u i s i t i o n  o r  s e a r c h i n g  p h a s e .  As t h e  l o o p  c o m e s  i n  t o  
s y n c h r o n i s a t i o n ,  t h e  s l o p e  o f  t h e  d i s c r i m i n a t o r  c h a r a c t e r i s t i c  i s  
n e g a t i v e  and  t h e  s e a r c h  r a t e  d e c e l e r a t e s  r a t h e r  t h a n  a c c e l e r a t e s .  
When t h e  d e l a y  e r r o r  i s  a t  i t s  p e a k  n e g a t i v e  v a l u e  t h e  l o o p  i s  
s w i t c h e d  and  t h e  d i s c r i m i n a t o r  c h a r a c t e r i s t i c  r e v e r t s  t o  t h a t  o f  
F i g u r e  3 .18 (a) .  The s l o p e  o f  t h e  d i s c r i m i n a t o r  c h a r a c t e r i s t i c  
r e m a in s  n e g a t iv e .
The c o n t r o l  o f  t h e  d i s c r i m i n a t o r  c h a r a c t e r i s t i c s  may be 
d e s c r i b e d  m ore  e a s i l y  f o r  t h e  2-A l o o p  t h a n  t h e  4-A l o o p ,  a l t h o u g h
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Figure 3.17. Switched delay lock loop schematics
a) 2-A loop
b) 4-A loop
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t h e  b a s i c  p r i n c i p l e  i s  i d e n t i c a l .  In  t h e  c i r c u i t  of  F i g u r e  3.17 (a)
e i t h e r  o r  may be f e d  t o  t h e  a p p r o p r i a t e  arm o f  t h e  d e l a y
l o c k  l o o p  under  the  c o n t r o l  of  th e  com para to r  when I s  f e d  t o  t h e
a p p r o p r i a t e  arm of the  M.L t h a t  p a r t  of the  c o r r e l a t i o n  t r i a n g l e  i s
i n v e r t e d .  The sequences  a r e  i n i t i a l l y  s w i tc h e d  so t h a t  and
a r e  f e d  t o  th e  arms of the de lay  l o c k  lo o p  t o  g ive  the  d i s c r i m i n a t o r  
c h a r a c t e r i s t i c  shown i n  F i g u r e  3.18 (b ) .  The s e a r c h  r a t e  t h u s  
d e c r e a s e s  a s  the  sequences  come i n t o  s y n c h r o n i s a t i o n  (compared  w i t h  
an  i n c r e a s e  i n  s ea rch  r a t e  i n  a  co n v e n t io n a l  de lay  l o c k  lo o p ) .  When 
t h e  d e l a y  e r r o r  i s  s u c h  t h a t  t h e  d i s c r i m i n a t o r  c h a r a c t e r i s t i c  h a s  
r e a c h e d  i t s  p e a k  n e g a t i v e  v a l u e  t h e  s t a t e  o f  t h e  c h a n g e o v e r  s w i t c h
c h a n g e s  and  i s  i n v e r t e d  back  t o  t h e  o r i g i n a l  s e q u e n c e ,
T h i s  c a u s e s  t h e  c o r r e l a t i o n  be tween t h e  codes t o  change s ig n  and t h e  
d i s c r i m i n a t o r  c h a r a c t e r i s t i c  c h a n g e s ,  a s  shown i n  F i g u r e  3 .18  (a ) .
Although i t  i s  p e r m i s s i b l e  t o  s w i tc h  sequence a t  o t h e r  v a l u e s  of
de lay  e r r o r  d u r in g  p u l l - i n ,  s w i t c h i n g  over a t  the  peak n e ^ t i v e  v a l u e  
g iv e s  t h e  maximum improvement i n  s e a rc h  r a t e  a s  shown su b se q u e n t ly .  
The s w i t c h o v e r  i s  c o n t r o l l e d  a u t o m a t i c a l l y .  I t  may be c o n t r o l l e d  by 
c o m p a r i n g  t h e  d e l a y  e r r o r  v o l t a g e  w i t h  a f i x e d  r e f e r e n c e  v o l t a g e ,  
Vref» l a  a  S c h m i t t  c o m p a r a t o r ,  o r  u s i n g  t h e  p e a k  h o l d / c o m p a r a t o r  
c i r c u i t  shown i n  F i g u r e  3 .17 ,  and d e t a i l e d  l a t e r .  F u r t h e r ,  an  " o u t  
of  lo c k "  d e t e c t o r ,  no t  shown, a u t o m a t i c a l l y  r e s e t s  the  com para to r  t o
e n s u re  t h a t  S^^^ i s  f e d  t o  t h e  de lay  l o c k  lo o p  d u r in g  t h e  subsequen t  
s e a r c h  i f  t h e  l o o p  s h o u l d  l o s e  l o c k .  The i m p l e m e n t a t i o n  shown i n  
F ig u re  3.17 r e p r e s e n t s  only one method of  a c h i e v in g  a s w i t c h e d  loop ,  
o t h e r  methods  w i l l  be men t ioned  l a t e r .
I t  i s  c l e a r  t h a t  t o  m a x i m i s e  t h e  i n i t i a l  s e a r c h  r a t e  t h e  
a c q u i s i t i o n  t r a j e c t o r y  of t h e  l o o p  must  a lways  show a d e c e l e r a t i n g
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s e a r c h  r a t e  i n  th e  upper  q u a d r a n t s  of  th e  phase of th e  t r a j e c t o r y .
By i n v e r t i n g  the sequence d u r in g  p u l l - i n  the  mean v a l u e  of th e  
code c o r r e l a t i o n  has  a s t e p  i n c r e a s e ,  but  a f t e r  t h i s  s t e p  change th e  
c o r r e l a t i o n  f u n c t i o n  c o n t in u e s  t o  decrease .  The 'step* change would  
cause  a l a r g e  a c c e l e r a t i o n  of the  s e a rc h  p ro ces s  i f  a l lo w e d  t o  pas s  
d i r e c t l y  to  the  v o l t a g e  c o n t r o l l e d  o s c i l l a t o r ,  removing  any b e n e f i t  
g a i n e d .  However,  t h i s  d o e s  n o t  o c c u r  b e c a u s e  o f  t h e  low p a s s  l o o p  
f i l t e r  F(S),  n e v e r t h e l e s s ,  some a c c e l e r a t i o n  o f  l o o p  i s  i n e v i t a b l e  
and  t h i s  l i m i t s  t h e  maximum i n i t i a l  s e a r c h  v e l o c i t y  f ro m  w h ic h  
a c q u i s i t i o n  can occur.  Th is  m o d i f i c a t i o n  was a p p l i e d  e x p e r i m e n t a l l y  
and t h e o r e t i c a l l y  to  2 - A ,  4 - A ,  2 - 3 A ,  3 - 2 A ,  1 - 3 A  de lay  l o c k  loops .  In  
t h e s e  ex p e r im e n t s ,  the  l o o p  p a ra m e te r s  a r e  i d e n t i c a l  f o r  each  loop.  
A 1 0 2 3  b i t  m a x im a l  l e n g t h  s e q u e n c e  w a s  c l o c k e d  a t  a  n o m i n a l  1 MHz. 
The lo o p  f i l t e r  p a r a m e te r s  were a d j u s t e d  t o  g ive  n a t u r a l  f r e q u e n c y  
w^=l r a d / s e c  and  d a m p in g  f a c t o r  C »  0 . 7 0 7  and a l o o p  g a i n  G> 4 0 .  I t  
s h o u l d  be n o t e d  t h a t  b e c a u s e  t h e  l o o p  f i l t e r  an d  l o o p  g a i n  r e m a i n s  
u n c h a n g e d  t h e  i n - l o c k  n o i s e  p e r f o r m a n c e  o f  t h e  m o d i f i e d  l o o p  i s  
s i m i l a r  t o  t h a t  o f  t h e  c o n v e n t i o n a l  l o o p .  So t h e  o b j e c t i v e  o f  t h e  
e x p e r i m e n t a l  w ork  i s  t o  d e t e r m i n e  t h e  p h a s e - p l a n e  p l o t  i . e .  t h e  
a c q u i s i t i o n  t r a j e c t o r i e s  o f  d i f f e r e n t  t y p e s  o f  t h e  s w i t c h e d  l o o p  
w h i c h  i n d i c a t e s  t h e  maximum s e a r c h  r a t e  f o r  each  l o o p  i n  o r d e r  t o  
f i n d  o u t  t h e  b e n e f i t  o b t a i n e d .  D e t a i l s  o f  t h e  e x p e r i m e n t a l  s e t  up 
a r e  g iven  i n  th e  Appendix.
A s p e c i a l  c i r c u i t  w as  b u i l t  t o  d e t e c t  t h e  v a l u e  o f  t h e  d e l a y  
e r r o r  e ,  f o r  a r a n g e  o f  d e l a y  e r r o r s  f r o m  - 5  b i t s  t o  +4 b i t s ,  and  
a l s o  i t s  d e r i v a t i v e  è s i m u l t a n e o u s l y ,  a s  shown i n  F i g u r e  3.19.  A 
N i c o l e t  d i g i t a l  s t o r a g e  o s c i l l o s c o p e  w a s -u se d  t o  s t o r e  th e  v a l u e s  of  
c and ê i n  o rd e r  to  p l o t  th e  a c q u i s i t i o n  t r a j e c t o r i e s  of  th e  loops .
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Figure 3.20 Experimenttal acquisition trajectories
of standard 2-A, 4-A, 2-3A, 3-2A andl-3A 
delay lock loop.
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Figure 3.21. Experimental acquisition trajectories
of switched 2- A, 4- A, 2-3 à, 3-2 A and 1-3 A 
delay lock loop.
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Type of  
Loop
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T h e o r e t i c a l
M.S.R.
Swi tched  
Experimen­
t a l  M.S.R.
2-A 2 . 0 2 . 0 5 .1 3 .6
4-  A 4 .0 4 . 0 9 .9 6 .6
2-3 A 6.3 6 .3 12.2 8 . 2
3-2  A 3.6 3.6 12.5 8 .3
1-3 A 6 .5 6 .5 9 .5 7 . 5
T ab le  3 .1  Summarised maxlBiai s e a rc h  r a t e  f o r  v a r io u s  d e la y  
lo c k  lo o p s
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The e x p e r i m e n t a l l y  d e t e r m i n e d  a c q u i s i t i o n  t r a j e c t o r i e s  of  th e  
s t a n d a r d  2a , 4A, 2-3A, and  1-3A l o o p s  a r e  shown i n  F i g u r e  3.20.  I t  
i s  c l e a r  t h a t  t h e r e  i s  e x c e l l e n t  ag reem en t  be tween t h e  e x p e r i m e n t a l  
t r a j e c t o r i e s  and the t h e o r e t i c a l  t r a j e c t o r i e s ,  shown e a r l i e r  and th e  
maximum s e a r c h  r a t e s  a r e  a l s o  i n  good  a g r e e m e n t  a s  shown i n  T a b l e  
3 . 1 .
Using th e  a n a l y s i s  t e chn ique  d e s c r i b e d  e a r l i e r ,  th e  t h e o r e t i c a l  
and e x p e r i m e n t a l  a c q u i s i t i o n  t r a j e c t o r i e s  of the sw i tc h e d  2 A, 4A, 2-  
3A, 3-2A and 1-3A l o o p s  w e r e  c a l c u l a t e d  and  m e a s u r e d  a s  show n i n  
F i g u r e  3.21. The maximum v a l u e s  of  n o r m a l i s e d  i n i t i a l  s e a r c h  r a t e ,  
Xg a r e  t a b u l a t e d  i n  T a b l e  3.1.  The maximum s e a r c h  r a t e s  f o u n d  
e x p e r i m e n t a l l y  a r e  s l i g h t l y  low er  tha n  those  p r e d i c t e d  t h e o r e t i c a l l y .  
The r e a s o n s  f o r  t h i s  w i l l  be d i s c u s s e d  i n  t h e  n e x t  s e c t i o n .
N e v e r t h e l e s s ,  t h e r e  i s  an  80$ improvement i n  the  s e a r c h  r a t e  of  t h e
2-A l o o p  and  a 130$ i m p r o v e m e n t  i n  t h e  s e a r c h  r a t e  o f  a  3-2A l o o p  
when compared w i th  the  un swi tched ,  or  the  s t a n d a r d  v e r s i o n ,  i n  s p i t e  
o f  an  a p p r o x i m a t e l y  33$ d i f f e r e n c e  b e t w e e n  t h e  t h e o r e t i c a l  and  
e x p e r i m e n t a l  s e a r c h  r a t e .  The s w i t c h e d  3-2A l o o p  i s  o v e r  f o u r
t i m e s  f a s t e r  than th e  s t a n d a rd  2-A d e l a y  lo c k  loop.
3 . 3 .2  C o m m e n t s  o n  t h e  P e r f o r m a n c e  o f  E x p e r i m e n t a l  a n d  
T h e o re tic a l  S w itched  Loops
F i g u r e  3.22 c o m p a r e s  t h e  t h e o r e t i c a l l y  p r e d i c t e d  a c q u i s i t i o n  
t r a j e c t o r i e s  of sw i tch ed  and unsw i tched  2-A and 4-A de lay  l o c k  lo o p s  
w i t h  t h e i r  co r respond ing  e x p e r i m e n t a l  t r a j e c t o r i e s  [26] .  I t  i s  c l e a r  
t h a t  t h e  u n s w i t c h e d  2-A a n d  4-A l o o p s  g i v e  a n  e x p e r i m e n t a l  
pe r fo rm ance  very c lo se  t o  t h a t  observed  t h e o r e t i c a l l y .  However, t h e  
maximum i n i t i a l  s ea rch  r a t e ,  l e a d i n g  t o  a c q u i s i t i o n ,  t h e  e x p e r i m e n t a l










Figure 3.22 Comparison of the acquisition trajectories 
of standard and switched loop
a) 2-A loop
b) 4-A loop










F i g u r e  3 . 2 2  C o n t i n u e d
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s w i t c h e d  l o o p  i s  l e s s  t h a n  t h e  c o r r e s p o n d i n g  t h e o r e t i c a l  v a l u e .  
C o n s id e r in g  the  a c q u i s i t i o n  t r a j e c t o r i e s ,  both s w i tc h e d  l o o p s  show a 
s m a l l  d eg ree  of a c c e l e r a t i o n  im m e d ia te ly  a f t e r  s w i t c h  over ,  bu t  t h e i r  
t r a j e c t o r i e s  i n  t h e  r i g h t  h a l f  of the  plane a r e  a lm o s t  i d e n t i c a l  t o  
t h e  u n s w i tc h e d  and t h e o r e t i c a l  r e s u l t s ,  i n d i c a t i n g  t h a t  f o r  a  g iv e n  
damping f a c t o r  Ç i t  i s  the  va lu e  of  e a t  e =0 ( i . e .  x a t  x=0) which  i s  
t h e  c r i t i c a l  p a r a m e te r  to  e n s u re  a c q u i s i t i o n .
The causes  of  t h i s  a c c e l e r a t i o n  i n  the  e x p e r i m e n t a l  t r a j e c t o r i e s  
have been examined,  and i t  i s  found t h a t  two main  f a c t o r s  c o n s p i r e  t o  
g iv e  th e  r e d u c t i o n  i n  performance .  The two m a jo r  f a c t o r s  a r e :
1)  I m p e r f e c t  C o r r e l a t i o n  S t a t i s t i c s :  The c h a r a c t e r i s t i c s  g iv e n  i n
F i g u r e  3.13 assume a  ve ry  slow s l i p - r a t e .  In  p r a c t i c e ,  t h e  s l i p - r a t e  
be tween  t h e  sequences  may be q u i t e  h i ^ .  Th is  cau s es  r o u n d in g  o f  th e  
d i s c r i m i n a t o r  c h a r a c t e r i s t i c s .  Ormondroyd and Comley [22]  have  shown 
t h a t  i f  t h e  s l i p  r a t e  i s  i n  e x c e s s  o f  1 .4  b i t / s e q u e n c e  t h e  
c o r r e l a t i o n  p e r f o r m a n c e  b e t w e e n  s l i d i n g  c o d e s  i s  s i g n i f i c a n t l y  
w o r s e n e d  w i t h  t h e  i n j e c t i o n  o f  s p u r i o u s  c o r r e l a t i o n s .  C l e a r l y  i n  
th e s e  h i ^  a c q u i s i t i o n  speed lo o p s  d e c o r r e l a t i o n  e f f e c t s  become more 
im p o r t a n t .
i i )  S t e p  C hange :  The t i m e  d e p e n d e n c e  o f  t h e  e r r o r  v o l t a g e  an d  r a t e
o f  change  o f  e r r o r  v o l t a g e  o f  t h e  e x p e r i m e n t a l  l o o p  a r e  shown i n  
F ig u r e  3.23. I t  i s  seen  t h a t  im m e d ia te ly  a f t e r  s w i t c h i n g  t h e  phase
of  t h e  s e q u e n c e  t h a t  t h e  r a t e  of  change  o f  t h e  e r r o r  s i g n a l
i n c r e a s e s  m om enta r i ly .  This  co r re sp o n d s  t o  t h e  s l i g h t  a c c e l e r a t i o n  
o f  t h e  s e a r c h  p r o c e s s  i n  F i g u r e  3.22.  T h i s  i s  due e n t i r e l y  t o  t h e  
f i l t e r e d  s t e p  change  i n  e r r o r  v o l t a g e .  A lso  t h e  t i m e  t a k e n  t o  
e s t a b l i s h  t h e  new v o l t a g e  l e v e l  and t h e  r é p o n s e  of  t h e  v o l t a g e
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Figure 3.23. Experimental acquisition transients vs
time for standard and switched 2-A delay 
lock loop.
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a)
b)
t ime ( s )
- 2 .
Figure 3.2 4. Theoretical acquisition vs time 
for a) standard 2-A loop, 
b) switched 2-A loop.
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c o n t r o l l e d  o s c i l l a t o r .  I n  t h e  t h e o r e t i c a l  a n a l y s i s ,  u s e d  i n  t h e  
compar ison ,  the  s t e p  change i n  the  d i s c r i m i n a t o r  c h a r a c t e r i s t i c  was  
n o t  a l l o w e d  f o r .  T h i s  i s  c o n f i r m e d  by t h e  t h e o r e t i c a l  t r a n s i e n t  
v a l u e s  X and x shown i n  F i g u r e  3.24.  The r e a s o n  f o r  t h i s  i s  due t o  
t h e  l u m p e d  n a t u r e  of  t h e  model  w h ic h  i s  a s s u m e d  t o  be p e r f e c t l y  
l i n e a r .  The e x p e r i m e n t a l l y  d e t e r m i n e d  a c q u i s i t i o n  t r a j e c t o r i e s  o f  
s w i t c h e d  2 A, 4 A, 2-3A, 3 - 2  A and 1 - 3 A a r e  shown i n  F i g u r e  3.21.
3.3.3 M o d ified  S w itch ed  Delay Lock Loop
I t  i s  p o s s i b l e  t o  g e t  t h e  f u l l  b e n e f i t  o f  t h e  s w i t c h e d  d e l a y  
l o c k  lo o p  ( i n  t e r m s  of  maximum i n i t i a l  s e a r c h  r a t e )  by a m o d i f i c a t i o n  
t o  t h e  s t r u c t u r e  of  t h e  l o o p  t o  r e m o v e  t h e  o f f s e t  v o l t a g e  a f t e r  
s w i t c h i n g .  The new lo o p  i s  d e t a i l e d  i n  F ig u r e  3.25 f o r  t h e  2-A delay  
l o c k  loop .  The t e ch n iq u e  i s  a p p l i c a b l e  t o  o t h e r ,  wide-A and 1-A 
de lay  l o c k  lo o p s .
The d i f f e r e n c e  be tween t h i s  l o o p  and t h e  s w i tc h e d  lo o p ,  i s  t h e  
use  of  DPCO s w i t c h  SWI, SW2 and a s im ple  summing J u n c t i o n  a p p l i e d  t o  
t h e  a c t i v e  l o o p  f i l t e r  t o  p r o v i d e  a l e v e l  s h i f t i n g  n e t w o r k .  The 
a n a l o g u e  v o l t a g e  C-V^) i s  g e n e r a t e d  by t h e  p e a k  h o l d / c o m p a r a t o r  
c i r c u i t  connec ted  to  t h e  de lay  e r r o r  o u tp u t  from th e  loop ,  a s  shown 
i n  F i g u r e  3.26.
The o p e r a t i o n  o f  t h e  l o o p  i s  a s  f o l l o w s .  When t h e  l o o p  i s  
a c q u i r i n g  i n i t i a l  s y n c h r o n i s a t i o n ,  sequence  i s  i n v e r t e d  t o  g ive
t h e  d i s c r i m i n a t o r  c h a r a c t e r i s t i c  o f  F i g u r e  3.13 (b) , a s  be fo re .  This  
i s  a c h i e v e d  by t h e  s t a t e  o f  s w i t c h  SWI. At t h e  same t i m e  t h e  s t a t e  
o f  s w i t c h  SW2 e n s u r e s  t h a t  OV l e v e l  o f f s e t  i s  f e d  t o  t h e  l e v e l  
s h i f t i n g  n e t w o r k  i n  t h e  l o o p  f i l t e r  an d  t h e  v o l t a g e  c o n t r o l l e d  
o s c i l l a t o r  i d l e s  a t  a s l i g h t l y  h i g h e r  f r e q u e n c y  t h a n  t h e  c l o c k
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f r e q u e n c y  o f  t h e  r e c e i v e d  s e q u e n c e  t o  p e r f o r m  t h e  epoch  s e a r c h .  
Dur ing  a c q u i s i t i o n  the  delay  e r r o r  v o l t a g e  i s  r educed  and t h e  v o l t a g e  
c o n t r o l l e d  o s c i l l a t o r  f requency  r e d u c e s  tow ards  t h a t  o f  th e  r e c e i v e d  
sequence.  When the  sequences  a r e  w i t h i n  1 b i t  of s y n c h r o n i s a t i o n  the  
d e l a y  e r r o r  v o l t a g e  s t a r t s  t o  r i s e .  At t h i s  p o i n t  t h e  peak  
h o l d / c o m p a r a t o r  c i r c u i t  changes s t a t e ,  s w i t c h i n g  over the s t a t e s  of
SWl and SW2. S w i t c h i n g  SWl causes  t h e  sequence to  r e v e r t  t o  i t s
n o r m a l  n o n - i n v e r t e d  s t a t e ,  and  t h e  d i s c r i m i n a t o r  c h a r a c t e r i s t i c  
changes  t o  t h a t  shown i n  F ig u r e  3.18(a) .  At th e  same t i m e  -V^ i s  f e d  
t o  t h e  l e v e l  s h i f t e r .  -V^ i s  t w i c e  t h e  v a l u e  o f  t h e  p e a k  h o l d  
v o l t a g e  a t  changeover  and t h i s  co r re sp o n d s  e x a c t l y  to  t h e  change i n  
mean l e v e l  of  the  d i s c r i m i n a t o r  c h a r a c t e r i s t i c s .  The r e s u l t  i s  t h a t  
t h e  s t e p  o f f s e t  w hich  o ccu r s  i n  t h e  o r i g i n a l  s w i tc h e d  l o o p  no lo n g e r  
o c c u r s  and  t h e r e  i s  no a c c e l e r a t i o n  i n  s e a r c h  v e l o c i t y  a f t e r  
s w i tc h o v e r .
F i g u r e  3 . 2 7  c o m p a r e s  t h e  e x p e r i m e n t a l  a n d  t h e o r e t i c a l  
a c q u i s i t i o n  t r a j e c t o r i e s  a t  th e  m o d i f i e d  s w i t c h e d  2 - a and  4A d e l a y  
l o c k  l o o p s .  I t  i s  c l e a r  t h a t  t h e r e  i s  now n e g l i g i b l e  d i f f e r e n c e  i n  
per fo rm ance  be tween  e x p e r i m e n t a l  and t h e o r e t i c a l  loops .
The m o d i f i e d  l o o p  r e q u i r e s  l i t t l e  more  h a r d w a r e  t h a n  t h e  
s w i t c h e d  l o o p  b e c a u s e  f o r  a u t o m a t i c  o p e r a t i o n  of  t h e  l o o p  t h e  p e a k  
h o l d / c o m p a r a t o r  c i r c u i t  would be r e q u i r e d  a n y w ^ ,  and SWl, SW2 a r e  
both s i t u a t e d  i n  one i n t e g r a t e d  c i r c u i t .
The m o d i f i c a t i o n  h a s  a n  a s s o c i a t e d  b e n e f i t .  O f f s e t t i n g  t h e  
v o l t a g e  c o n t r o l l e d  o s c i l l a t o r  t o  c a u s e  t h e  l o o p  t o  s e a r c h  t h e  
s e q u e n c e  e p o c h s  c a n  c a u s e  a s m a l l  am o u n t  o f  l o o p  s t r e s s  [ 2 3 ]  w h ich  
p r e v e n t s  e x a c t  phase s y n c h r o n i s a t i o n  i f  t h e  loop  g a i n  i s  sm al l .  For
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- e x p e r i m e n t a l  r e s u l t s  




experimental  r e s u l t s
 th e o r e t i c a l  r e s u l t s
4-A
Figure 3.27. Theoretical and experimental acquisition 
trajectories of modified switched delay 
lock loop.
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m o s t  s y s t e m s  l o o p  s t r e s s  w o u ld  n o t  be a p r o b l e m ,  i f  h o w e v e r ,  v e r y  
a c c u r a t e  phase s y n c h r o n i s a t i o n  i s  r e q u i r e d  i t  i s  n ecessa ry  t o  remove 
th e  lo o p  s t r e s s .  The a d d i t i o n  of  th e  o f f s e t  v o l t a g e  -V^ can be used  
to  c oun te r  the  b u i l t - i n  loop  s t r e s s  of  the  de lay  l o c k  loop,
3.3.4 E f f e c t  o f  S w itch o v e r P o s i t io n  and G ain  on th e  V alue 
o f Maximun I n i t i a l  S ea rch  R ate
The maximum i n i t i a l  sea rch  r a t e  i s  dependent  upon t h e  r e l a t i v e
phase between the sequences  when i s  i n v e r t e d .  F ig u re  3.28 shows
t h e  e f f e c t  o f  s w i t c h o v e r  p o s i t i o n  o f  on t h e  maximum s e a r c h
r a t e  o f  2 - a a n d  4 - A  d e l a y  l o c k  l o o p s ,  c o r r e s p o n d i n g  t o  t h e  
a c q u i s i t i o n  o f  lock.  The phase r e f e r e n c e  i s  w i t h  r e s p e c t  t o  t h e  i n ­
l o c k  c o n d i t io n .  I t  i s  c l e a r  t h a t  th e  maximum s e a rc h  r a t e  i s  a c h i ev ed  
when t h e  c o d e s  a r e  s w i t c h e d  o v e r  a t  t h e  p e a k  n e g a t i v e  v a l u e  o f  t h e  
d i s c r i m i n a t o r  c h a r a c t e r i s t i c s .  A l t h o u ^  no t  shown, t h i s  was  found t o  
be t r u e  f o r  a l l  t h e  l o o p s  t e s t e d ,  i n c l u d i n g  t h e  a s y m m etr ic  n-mA de lay  
l o c k  l o o p s ,  e x c e p t  t h e  s w i t c h e d  1 - A l o o p .  The r e a s o n  f o r  t h i s  i s  
because  a t  t h i s  s w i t c h o v e r  p o s i t i o n  t h e  d i s c r i m i n a t o r  c h a r a c t e r i s t i c  
ha s  no p o s i t i v e  s lope .  I f  t h e  l o o p  i s  s w i tc h e d  a t  any o t h e r  r e l a t i v e  
phase t h e  d i s c r i m i n a t o r  c h a r a c t e r i s t i c  h a s  a r e g i o n  o f  p o s i t i v e  s lo p e  
and a consequen t  a c c e l e r a t i o n  of  the  s e a r c h  p ro ces s  d u r in g  p u l l - i n .
Also shown i n  F ig u r e  3.28 i s  t h e  e f f e c t  o f  th e  lo o p  ga in ,  G, and
th e  maximum s e a rc h  r a t e  a s  a f u n c t i o n  of  s w i tc h o v e r  p o s i t i o n .  I t  i s
a p p a re n t  t h a t  r e d u c i n g  t h e  g a i n  r e d u c e s  t h e  maximum i n i t i a l  s e a rc h
r a t e  (The n a t u r a l  f r e q u e n c y  an d  t h e  d a m p in g  f a c t o r  ç a r e
m a in t a i n e d  c o n s t a n t  a t  1 r a d / s e c  and 0.707 r e s p e c t i v e l y ) .  Th is  i s
is
expec ted  s in c e  the  am p l i t u d e  of t h e  N-shaped e r r o r  cu rve j^a f fe c ted  by 
t h e  va lu e  of th e  gain.  The s m a l l e r  t h e  g a i n  t h e  l e s s  t h e  am p l i tude .
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swit chover  p o s i t i o n  o f  sequence S.
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Switchover p o s i t i o n  o f  sequence S
b )  4 - A  DLL
Figure 3.28 Effect of the switchover position
of the sequence on the maximum rate
a )  2 - A  D L L ,  b)  4 - A  DLL
/ Ü -
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Figure 3.29 Theoretical acquisition trajectories 
of modified switched DLL for different 
loop gain.
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In  t u r n  a s m a l l  r e d u c t i o n  of  the  n e g a t iv e  peak am p l i t u d e  v a lu e  causes  
t h e  maximum s e a rc h  r a t e  t o  reduce  by a sm al l  amount a s  w e l l ,  because 
i t  r e a c h e s  a v a lu e  which i s  s l i g h t l y  above th e  t h r e s h o l d  v a l u e  when 
t h e  s w i t c h  c h a n g e s  o v e r .  For  t h e  s t a n d a r d  d e l a y  l o c k  l o o p ,  i t  w as  
f o u n d  by S p i l k e r  and N e i l s e n  [10 ,  21]  t h a t  t h e  maximum 
i n i t i a l  sea rch  of  the delay  l o c k  lo o p  i s  ap p ro x im a te ly  the same f o r  
G =o° and  G = 10. The r e a s o n  i s  t h a t  t h e  r e d u c t i o n  o f  t h e  p o s i t i v e  
p e a k  i s  c o n s i d e r e d  t o  be an  a d v a n t a g e  a s  e x p l a i n e d  e a r l i e r ,  b u t  t h e  
r e d u c t i o n  o f  t h e  n e g a t i v e  peak  i s  a  d i s a d v a n t a g e ,  and i t  s e e m s  t o  
c a n c e l  t h e  e f f e c t  o f  t h e  o t h e r  k e e p i n g  t h e  maximum i n i t i a l  s e a r c h  
r a t e  t h e  same a s  f o r  a h igh  g a in  de lay  l o c k  loop.
S i m i l a r l y  i n c r e a s i n g  t h e  d am p in g  r a t i o  i s  a l s o  e x p e c t e d  t o  
i n c r e a s e  t h e  maximum sea rch  r a t e ,  from which l o c k  may be u l t i m a t e l y  
ach ieved .  This  problem w i l l  be c o n s id e r e d  i n  the  nex t  s e c t i o n .
F i g u r e  3.29 show s  t h e  e f f e c t  o f  l o o p  g a i n  g on  t h e  a c q u i s i t i o n  
t r a j e c t o r y  of th e  m o d i f i e d  s w i tch ed  DLL. The r e s u l t s  have s i m i l a r  
c h a r a c t e r i s t i c s  t o  th o s e  co n s id e re d  e a r l i e r .
3.4 FURTHER MODIFICATIONS TO THE DELAY LOCK LOOP
3.4.1 E f f e c t  o f  Damping R a tio  on Maximum I n i t i a l  S earch  R ate
I t  i s  o b v i o u s  f ro m  e q u a t i o n  3.11 t h a t  t h e  l o o p  g a i n  an d  t h e  
damping r a t i o  have an e f f e c t  on t h e  a c q u i s i t i o n  t r a j e c t o r y  of  a  de lay  
l o c k  loop.  T r a d i t i o n a l l y ,  a  damping r a t i o  o f  Ç = 0.707 i s  co n s id e r e d  
a n  o p t im u m  v a l u e  f o r  d e l a y  l o c k  l o o p  d e s i g n  b e c a u s e  i t  e n a b l e s  t h e  
l o o p  t o  p u l l  i n  q u i c k l y  and  t r a c k  s t e p  c h a n g e s  i n  d e l a y  e r r o r  w i t h  
minimum overshoot .  However, t h i s  v a l u e  does  no t  n e c e s s a r i l y  o p t i m i s e  
t h e  maximum i n i t i a l  s ea rch  r a t e  of  th e  lo o p  p r i o r  to  p u l l - i n .  As the  
s e a r c h  t im e  i s  ve ry  much l o n g e r  than  t h e  p u l l - i n  t im e  i t  i s  nece ssa ry
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t o  o p t i m i s e  t h e  s e a r c h  r a t e ,  ev en  i f  t h i s  i s  a t  t h e  e x p e n s e  o f  t h e  
p u l l - i n  t ime.  Holmes [12] has  su g g e s te d  t h a t  one method of a c h i e v i n g  
t h i s  improvement i s  t o  m a i n t a i n  ^=0.707 but  a l low  t o  have a high 
v a l u e  d u r i n g  a c q u i s i t i o n ,  which i s  s l o w l y  r educe d  a f t e r  l o c k  h a s  been 
ach ieved .  Th is  has  t h e  obvious  d i s a d v a n ta g e  t h a t  th e  l o o p  h a s  a wide 
n o i s e  bandwid th  d u r in g  a c q u i s i t i o n ,  which s i g n i f i c a n t l y  r e d u c e s  the  
p r o b a b i l i t y  of  a c q u i r i n g  l o c k  [27].  A f u r t h e r  d i s a d v a n ta g e  i s  t h a t  
t h i s  t y p e  o f  l o o p  can  be f o r c e d  o u t  o f  l o c k  by s w i t c h i n g  t o o
q u i c k l y .  A l th o u g h  i n c r e a s i n g  t h e  damping r a t i o  C may a l s o  worsen
the  n o i s e  bandwidth ,  to  some e x t e n t  t h e r e  i s  a  r e g i o n  o f  where the 
n o i s e  b a n d w i d t h  i s  h a r d l y  a f f e c t e d  a s  shown i n  f i g u r e  3.30 
[ 2 3 , 2 8 ] .  I t  i s  s e e n  t h a t  t h e  n o i s e  b a n d w i d t h  h a s
min imum v a l u e  f o r  C = 1 / 2 ,  i n  w h i c h  c a s e  = 1 / 2 .  For
the  commonly used damping r a t i o  o f  C =0.707, B^^/w^ = 3/4
= 0 .53 .  B e tw e e n  t h e  l i m i t s  o f  0.3 < C < 1.3 t h e  l o o p  
bandwid th  never  exceeds  i t s  minimum v a l u e  by more th a n  40 per  cen t  
( l e s s  t h a n  2-dB n o i s e  pow er ) .  B^, and C a r e  r e l a t e d  t o  each
o t h e r  by th e  r e l a t i o n s h i p  [23].
CÜri 1
= I T  + 4%) Hz 0<w<co 3.14
Using  the  computer s i m u l a t i o n  o f  t h e  a c q u i s i t i o n  b e h a v i o u r  o f
t h e  de lay  l o c k  loop,  d e s c r ib e d  e a r l i e r ,  i t  was found t h a t  th e  maximum 
i n i t i a l  s e a r c h  r a t e  i s  a p p r o x i m a t e l y  p r o p o r t i o n a l  t o  t h e  dam ping  
r a t i o .  As a consequence a techn ique  a l t e r n a t i v e  t o  m od i fy ing  i s  
t o  i n c r e a s e  the  damping r a t i o  of th e  lo o p  d u r i n g  a c q u i s i t i o n  phase,  
and t o  change i t  back t o  C= 0.707 a f t e r  lo c k ,  w i t h o u t  a f f e c t i n g
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I n  t h e  f i r s t  i n s t a n c e ,  t h e  t e c h n i q u e  i s  a p p l i e d  t o  a s t a n d a r d  
de lay  l o c k  loop  c o n f i g u r a t i o n .
3 .4 .2  A p p l i c a t i o n  o f  a  S w i tc h e d  A c t iv e  F i l t e r  t o  a  S ta n d a r d  D e lay  
Lock Loop
F i g u r e  3.31  show s  t h e  t e c h n i q u e  a p p l i e d  t o  a r a n g i n g  r e c e i v e r .  
The n a t u r a l  f requency  of th e  l o o p  i s  g iven  by:
0) =lTr-7rj r a d / s e c  3*15
and the  damping r a t i o  i s :
The l o o p  n a t u r a l  f r e q u e n c y  d e p e n d s  e n t i r e l y  on t h e  dc g a i n  (G) 
and  t h e  f i l t e r  c u t  o f f  f r e q u e n c y  ^l p F ( = l / R i C ) .  T h i s  i s  k e p t  
c o n s t a n t  th roughou t  the  a c q u i s i t i o n  p r o c e s s .  However ,  t h e  dam p in g  
r a t i o  c an  be m o d i f i e d  by a l t e r i n g  t h e  v a l u e  Rg by means  o f  t h e  
s w i tc h e d  r e s i s t o r  Rg.
D u r i n g  i n i t i a l  a c q u i s i t i o n  t h e  d am p in g  r a t i o  i s  h i g h  and  t h e  
maximum s e a r c h  r a t e  i s  h i g h .  The s w i t c h ,  SW, i s  c o n t r o l l e d  by t h e  
s im p l e  pu lse  r a t e  d i s c r i m i n a t o r  or diode  pump c i r c u i t  which  d e t e c t s  
when th e  l o c a l l y  g e n e ra te d  sequence,  i s  i n  phase w i t h  the  r e c e i v e d  
sequence.  Thus once l o c k  i s  ach ieved  t h e  s w i tc h  i s  c lo se d  and Rg i s  
r e d u c e d  t o  a v a l u e  a p p r o p r i a t e  t o  ç = 0 .707 so  t h a t  a d v a n t a g e  c an  be 
t a k e n  of  the  lo w e r  damping r a t i o  when th e  lo o p  i s  i n  lock .
When u s in g  t h i s  t e c h n iq u e  i t  was found t h a t  i t  was p o s s i b l e  t o  
s w i t c h  Ç a b r u p t l y  b e f o r e  l o c k  had  o c c u r r e d .  However ,  t o  e n s u r e
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s ubsequen t  l o c k i n g  of the  loop  i t  was n ecessa ry  to  s w i tc h  th e  v a l u e  
o f  ^ when  t h e  t r a j e c t o r y  w as  i n  t h e  l o w e r  q u a d r a n t s  of  t h e  p h a s e  
p l a n e .  When t h e  i n i t i a l  s e a r c h  r a t e  w a s  a t  t h e  maximum a l l o w e d  i t  
was  n o t  p o s s i b l e  t o  a c h i e v e  l o c k  i f  C w as  s w i t c h e d  i n  t h e  u p p e r  
q u a d r a n t s  o f  t h e  p h a s e  p l a n e .  N e v e r t h e l e s s  t h e  f a c t  t h a t  Ç may be 
s w i t c h e d  a b r u p t l y ,  i s  a s i g n i f i c a n t  a d v a n t a g e  o v e r  s w i t c h i n g  
slowly .
F i g u r e  3.32  shows  t h e  e x p e r i m e n t a l  a c q u i s i t i o n  t r a j e c t o r y  f o r  
th e  maximum i n i t i a l  s ea rch  r a t e  of s w i tc h e d  f i l t e r  2-A and 4-A de lay  
l o c k  l o o p s  f o r  dam ping  r a t i o s  o f  1.414,  and 2.121.  The t h e o r e t i c a l  
r esu l t s  a r e  i n  very  c l o s e  agreement.  The s o l i d  cu rv e s  r e p r e s e n t  t h e  
t r a j e c t o r i e s  f o r  th e  case where t h e  f i l t e r  i s  s w i tc h e d  i n  t h e  l o w e r  
q u a d r a n t s  of  the  0 ia s e  p lane  and the  dashed cu rves  show the  e f f e c t  of  
r e d u c i n g  t h e  dam p in g  r a t i o  j u s t  b e f o r e  t h e  t r a j e c t o r y  e n t e r s  t h e  
l o w e r  q u a d r a n t  f o r  the  same i n i t i a l  r a t e .  Lock i s  n o t  ach ieved .  I t  
i s  a l s o  c l e a r  t h a t  th e  maximum i n i t i a l  sea rch  r a t e  i s  s i g n i f i c a n t l y  
h ig h e r  f o r  a h igh  va lue  of damping r a t i o .
F i g u r e  3.33 c o m p a r e s  t h e  t h e o r e t i c a l  and e x p e r im e n ta l  maximum 
s e a r c h  r a t e s  a s  a f u n c t i o n  o f  t h e  i n i t i a l  v a l u e  of  d a m p in g  
r a t i o  f o r  t h e  2-A and 4-A s w i t c h e d  f i l t e r  l o o p s .  The d i f f e r e n c e  
between t h e o r e t i c a l  and e x p e r im e n ta l  r e s u l t s  i s  due t o  s l i g h t  non- 
l i n e a r i t i e s  i n  t h e  v o l t a g e  c o n t r o l l e d  c r y s t a l  o s c i l l a t o r  of  t h e  de lay  
l o c k  l o o p .
Although the  p u l l - i n  t im e  of  th e  de lay  lo c k  lo o p  i n c r e a s e s  w i t h  
h i g h  d am p in g  r a t i o s ,  t h i s  i n c r e a s e d  l o c k i n g  t i m e  c an  i n  no way be 
com pared  w i t h  t h e  v e r y  l o n g  a c q u i s i t i o n  t i m e  w h ic h  i s  a c t u a l l y  
reduced  co n s id e ra b ly  by t h i s  te chn ique .
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t r a j e c t o r i e s  ob ta ined  when loop  
swit ched a t  t h i s  va lue  o f  de la y  
error
Ç =2 . 1 2 1
x=4.9
.6
t r a j e c t o r i e s  ob ta ined  when loop  
swit ched in lower quadrants
2-A loopa
Figure 3.32. Experimental acquisition trajectories 
for maximum initial search rate of a 
switched filter DLL for C=1.414, 2.121
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C = 2 . 1 2 1
t r a j e c t o r i e s  ob ta in ed  when loop  
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F i g u r e  3 . 3 2  C o n t i n u e d .
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6 i ) 2-A DLL
4
2
damping r a t i o  Ç) s tandard loop
Figure 3.33. Comparison of the theoretical and
experimental values of maximum initial 
search rate as a function of damping 
ratio for 2-a and 4-A DLL
a) Standard loop
b) Switched loop
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b) swt i ched loop
F i g u r e  3 . 3 3 .  C o n t i n u e d .
damping r a t i o  Ç
— 18 1  —
3 . 4 . 3  A p p l i c a t i o n  o f  S w i t c h e d  A c t i v e  F i l t e r  t o  a  M o d i f i e d
s w i t c h e d  Delay Lock Loop
F i g u r e  3.34 shows a sc h e m a t ic  diagram of th e  a p p l i c a t i o n  of th e  
s w i t c h e d  loop  d e t a i l e d  i n  S e c t i o n  3.3.3. As i n  the  p r e v io u s  s e c t i o n  
t h e  p u l s e  r a t e  d i s c r i m i n a t o r  c o n t r o l s  t h e  v a l u e  o f  d a m p in g  r a t i o  
u s e d  a r o u n d  t h e  l o o p ,  w h i l s t  t h e  DPCO s w i t c h  c o n t r o l s  t h e  s t a t e  o f  
t h e  s e q u e n c e  S^^^  and t h e  o f f s e t  v o l t a g e  a p p l i e d  t o  t h e  d e l a y  l o c k  
lo o p .
D u r i n g  a c q u i s i t i o n  t h e  n o rm a l  s t a t e  o f  t h e  l o o p  i s  w i t h  z e r o  
o f f s e t  v o l t a g e ,  l a r g e  damping r a t i o  and the  sequence S^^^ i n v e r t e d  
mode. When t h e  d i s c r i m i n a t o r  r e a c h e s  i t s  maximum n e g a t i v e  va lu e  t h e  
lo o p  d i s c r i m i n a t o r  c h a r a c t e r i s t i c  i s  s w i tc h e d  w i t h o u t  a f f e c t i n g  th e  
damping r a t i o .  When th e  lo o p  i s  lo c k e d  t h e  damping r a t i o  i s  f i n a l l y  
s w i t c h e d  t o  i t s  normal v a lu e  of  0.707.
The t e c h n i q u e  h a s  b e e n  i m p l e m e n t e d  e x p e r i m e n t a l l y  f o r  2 -A  
and  4-A d e l a y  l o c k  l o o p s .  F i g u r e  3.35 shows  t h e  e x p e r i m e n t a l  
a c q u i s i t i o n  t r a j e c t o r i e s  f o r  th e  case  of  th e  maximal i n i t i a l  sea rch  
r a t e  f o r  t h r e e  c a s e s  o f  i n i t i a l  d a m p in g  r a t i o .  I t  i s  s e e n  t h a t  t h e  
m a x im u m  i n i t i a l  s e a r c h  r a t e  i s  now s u b s t a n t i a l l y  ab o v e  t h e  
c o r r e s p o n d i n g  s t a n d a r d  l o o p  ( t y p i c a l l y  6.5 t i m e s  t h e  o r i g i n a l  
maximum i n i t i a l  s e a rc h  r a t e  f o r  an i n i t i a l  damping r a t i o  of  2.121). 
A l th o u g h  n o t  p l o t t e d  t h e  t h e o r e t i c a l  r e s u l t s  a r e  i n  e x c e l l e n t  
a g ree m en t  w i t h  th e  e x p e r i m e n t a l  r e s u l t s .
I t  s h o u l d  be n o t e d  t h a t  t h e  s w i t c h e d  f i l t e r  w a s  o n l y  
i n c o r p o r a t e d  i n  t h e  m o d i f i e d  s w i t c h e d  l o o p ,  d i s c u s s e d  i n  S e c t i o n
3 . 3 .3  r a t h e r  t h a n  t h e  s i m p l e r  s w i t c h e d  l o o p  d e s c r i b e d  i n  S e c t i o n  
3 . 3 . 1 . I t  w a s  f o u n d  t h a t  i n c r e a s i n g  t h e  d am p in g  r a t i o  i n  t h e  
s w i t c h e d  l o o p  o f  S e c t i o n  3.3.1 c a u s e d  a m a r g i n a l  w o r s e n i n g  of  t h e
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F i g u r e  3 . 3 5 Experimental acquisition trajectories 
of the modified switched loop with 
switched active filter for three initial 
values of damping ratio.
a) 2-A DLL
b) 4-A DLL
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maximum sea rch  r a t e .  This  i s  due t o  t h e  e f f e c t  of  th e  f i l t e r  on t h e  
s t e p  change i n  d i s c r i m i n a t o r  c h a r a c t e r i s t i c s .  M o d i f i c a t i o n  o f  t h e  
f i l t e r  p a r a m e t e r s  m o d i f i e s  t h e  p r o p o r t i o n  t h a t  t h e  d i s c r i m i n a t o r  
c h a r a c t e r i s t i c  ha s  a n e g a t iv e  s lope  r e l a t i v e  t o  a p o s i t i v e  s lo p e  and 
t h i s  r e d u c e s  t h e  maximum i n i t i a l  s ea rch  r a t e .  By removing  t h e  s t e p  
change f u l l  advan tage  of the  sw i tc h e d  f i l t e r  could be taken .
F or  t h e  2-A d e l a y  l o c k  l o o p  t h e  maximum n o r m a l i s e d  i n i t i a l  
s e a r c h  r a t e  i n c r e a s e d  f r o m  5.1 a t  Ç = 0.707 dam ping  r a t i o  t o  9.2 and
1 3 .3  a t  Ç=1.414 and Ç=2.121 damping r a t i o  r e s p e c t i v e l y .
I t  w i l l  be s e e n  t h a t  t h e r e  i s  a n  i n c r e a s e  o f  x4.1 i n  t h e  s e a r c h  
r a t e  f o r  every O.707  i n c r e a s e  i n  t h e  damping r a t i o .  For t h e  4-A loop  
t h e  maximum s l i p p i n g  r a t e  r e a c h e s  18.2 and 26.5 a t  1.414 and  2.121 
d a m p in g  r a t i o  r e s p e c t i v e l y  i n s t e a d  o f  9-9 a t  0 .707  d a m p i n g  r a t i o .  
There i s  a l s o  an i n c r e a s e  of  about  x8 .2  i n  s e a rc h  r a t e  f o r  each  0.707 
i n c r e a s e  of t h e  damping r a t i o .
F ig u re  3.36 shows t h e  e f f e c t  of  sequence s w i tc h o v e r  p o s i t i o n  on 
t h e  maximum s e a rc h  r a t e  a s  w e l l  a s  t h e  e f f e c t  of t h e  loop  g a i n  G and 
t h e  damping r a t i o  ç f o r  both 2 -A ,4 - A d e lay  l o c k  lo ops .
S e v e ra l  p o i n t s  a r e  found i n  th e s e  p l o t s :
a )  The maximum s ea rch  r a t e  i s  a f f e c t e d  by th e  damping r a t i o  more th a n  
t h e  g a i n ,  f o r  b o th  s w i t c h e d  l o o p s ,  w h e re  s w i t c h o v e r  SW = - 2 . 0  t o
0 . 5 . f o r  2-A l o o p ,  SW = - 3 .0  t o  1 .0  f o r  4-A l o o p ,  and  s t a n d a r d  
loop ,  where SW < -2 .0  f o r  2-A loop,  SW < -3.0 f o r  4-A loop,
b) The  g a i n  h a s  a v e r y  s m a l l  e f f e c t  on t h e  maximum s e a r c h  r a t e  f o r  
the  s t a n d a r d  loop ,  w h i l e  i t  has  some e f f e c t  f o r  the  s w i t c h e d  loop.
-  1 8  6 -
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c)  The damping r a t i o  has  a s i g n i f i c a n t  e f f e c t  on t h e  s t a n d a r d  lo o p ,  
and a l s o  a l a r g e r  e f f e c t  on the  s w i tc h e d  loop.
d)  For t h e  sw i tch ed  lo o p  th e  maximum s e a rc h  r a t e ,  i n  t h e  r e g i o n  o f  SW 
= - 1 . 0  t o  0.5,  f o r  2- a l o o p  an d  SW = - 2 . 0  t o  1,0  f o r  4-A l o o p  
i s  h i g h e r  t h a n  t h a t  i n  t h e  r e g i o n  o f  SW = - 1 . 0  t o  - 2 . 0  
f o r  2 -  A lo o p  and SW = -2.0 t o  -3 .0  f o r  4-A lo o p  r e s p e c t i v e l y .
e )  F o r  t h e  c a s e  w e r e  t h e  g a i n  G i s  low (g=10)  a n d  t h e  d a m p in g  r a t i o  
i s  h i g h  (Ç = 3 X 0 .707)  t h e  maximum s e a r c h  r a t e  f a l l s  be low  t h e  
ex p ec ted  v a l u e  f o r  th e  s w i tch ed  lo o p  n e a r  SW = -1  f o r  2-A lo o p  and 
SW = -2  f o r  4-A loop.  In  f a c t  a f t e r  c a r e f u l  e x a m in a t io n  of  t h i s  
p a r t i c u l a r  case,  i t  was found a l s o  t h a t  t h e  s y n c h r o n i s a t i o n  p o i n t  
i s  n o t  near  the  o r i g i n  of  the  phase p lane  p l o t  where e »  0, 
b u t  n e a r  e^sl f o r  2-A l o o p  and  e%2 f o r  4-A l o o p .  The r e a s o n  f o r  
t h i s  i s  t h a t  t h e  v a lu e  of th e  r a t e  of  change of  t h e  e r r o r  v o l t a g e  
r ed u ce d  v e ry  s h a rp ly  c aus ing  t h e  l o o p  t o  s t a y  a t  t h i s  p o i n t  f o r  a  
v e ry  l o n g  t ime.
3.5 EFFECT OF THE WIDTH OF THE DISCRIMINATOR CHARACTERISTIC OH THE 
MAXIMHN AND NINIMDH SEARCH RATE OF A SWITCHED LOOP
I t  i s  c l e a r  t h a t  i n c r e a s i n g  t h e  w i d t h  o f  t h e  d i s c r i m i n a t o r  
c h a r a c t e r i s t i c  i n c r e a s e s  th e  maximum i n i t i a l  s e a r c h  r a t e  of  both th e  
s t a n d a r d  and t h e  sw i tc h e d  delay  l o c k  lo o p s .  The s o l u t i o n  t o  e q u a t i o n  
(3 .13 )  w as  o b t a i n e d  f o r  t h e  maximum i n i t i a l  s e a r c h  r a t e  o f  t h e  
g e n e r a l  a sym m etr ic  (n-m)A de lay  l o c k  loop .
I t  was found t h a t  the  maximum s e a r c h  r a t e  may be e x p r e s s e d  a s ;
^max ~  (2.22m + 2.6n  + 0.273)  3.17
f o r  th e  case  of optimum sw i tchove r  p o s i t i o n ,  G — ► «> and Ç = 0.707.
-  1 9 0  -
Vmax m n
2.7 0 .5 0 .5
5 .1 1 . 0 1 . 0
7 .3 2 . 0 1 . 0
7 .65 1 . 0 2 . 0
9 .5 3 .0 1 . 0
9.9 2 . 0 2 . 0
10.05 1 . 0 3 . 0
12 .2 0 3 . 0 2 . 0
12 .50 2 . 0 3 . 0
T ab le  3*2 Maximum i n i t i a l  s e a rc h  r a t e  f o r  d i f f e r e n t  d e la y  
lo c k  lo o p s
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This  may be c o n t r a s t e d  w i t h  e q u a t io n  (3.13) f o r  the  u n s w i tc h e d  
loop.  Whereas a l a r g e  va lu e  of n, r e l a t i v e  t o  m, r e d u c e s  t h e  maximum 
s e a r c h  r a t e  o f  t h e  s t a n d a r d  d e l a y  l o c k  l o o p ,  f o r  t h e  c a s e  o f  t h e  
s w i tc h e d  loop ,  w id en ing  the  d i s c r i m i n a t o r  c h a r a c t e r i s t i c  of  t h e  l o o p  
i n v a r i a b l y  i n c r e a s e s  t h e  maximum i n i t i s d  sea rch  r a t e ,  because t h e r e  
i s  no p o s i t i v e  s lope  t o  the  d i s c r i m i n a t o r  c h a r a c t e r i s t i c .
A secondary ,  but  e q u a l ly  i m p o r t a n t  a s p e c t  o f  t h e  s w i t c h e d  l o o p  
i s  t h a t  by u s ing  an i n i t i a l  s e a r c h  r a t e  l e s s  th a n  t h e  maximum g iv e n  
by e q u a t io n  (3.17),  bu t  which i s  g r e a t e r  than  f o r  t h e  s t a n d a r d  lo o p ,  
t h e  p r o b a b i l i t y  of  a c q u i s i t i o n  w i l l  be g r e a t e r  when  t h e  l o o p  i s  
o p e r a t e d  i n  noisy  c o n d i t i o n s .
T a b l e  3.2 show s  t h e  maximum i n i t i a l  s e a r c h  r a t e  o f  d i f f e r e n t  
s y m m e t r i c  and  a s y m m e t r i c  d e l a y  l o c k  l o o p s  w h i c h  show s  a p e r f e c t  
ag reem en t  w i th  e q u a t io n  (3.17).
3.6 EFFECT OF INITIAL SEARCH RATE ON THE POLL-IN TIME OF A STANDARD
AND SWITCHED DQ.AT LOCK LOOPS
I t  i s  q u i t e  p o s s i b l e  t o  modify t h e  num e r ica l  s o l u t i o n  te c h n iq u e  
of  e q u a t io n  3.10 so t h a t  the  p u l l - i n  t im e  of  the  de lay  l o c k  lo o p  can 
be fo u n d .  P u l l - i n  t i m e  i s  d e f i n e d  h e r e  i n  t h e  i n s e t  d i a g r a m  o f  
F ig u r e  3.37. F ig u re  3.37 shows th e  e f f e c t  of i n i t i a l  s e a r c h  r a t e  on 
t h e  p u l l - i n  t i m e  o f  s t a n d a r d  an d  s w i t c h e d  d e l a y  l o c k  l o o p s .  The 
c h a r a c t e r i s t i c s  a r e  s i m i l a r  f o r  e a c h  t y p e  o f  l o o p ,  an d  t h e  p u l l - i n  
t i m e s  a r e  a p p r o x i m a t e l y  t h e  same,  e v e n  f o r  w i d e  A l o o p s .  The 
r e a s o n  f o r  t h i s  i s  t h a t  a l t h o u g h  t h e  i n i t i a l  s e a r c h  r a t e  o f  a  w i d e  
l o o p  i s  l a r g e ,  the  t r a j e c t o r y  i s  c o r r e s p o n d in g ly  l a r g e r .  The shape of  
c h a r a c t e r i s t i c s  i s  p a r t i c u l a r l y  i n t e r e s t i n g .  For th e  s t a n d a r d  de lay  
l o c k  loop,  fo r  very slow i n i t i a l  sea rch  r a t e s  t h e  p u l l - i n  t i m e  w i l l
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Effect of the initial search rate on the 
pull-in time of 1-A, 2-A and 4-A DLLs in
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configuration (G==, Ç=0.707).
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in c re a s e  in s i z e  o f  
t r a j e c t o r y  in lower  
quadrants  - 3 - .
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F i g u r e  3 . 3 7 .  C o n t i n u e d .
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be s l o w ,  i r r e s p e c t i v e  o f  any l o o p  a c c e l e r a t i o n .  As t h e  i n i t i a l  
s e a r c h  r a t e  i s  i n c r e a s e d  the  p u l l - i n  t im e  i s  reduced .  However, t h e  
r e d u c t i o n  d o e s  n o t  f o l l o w  a s i m p l e  h y p e r b o l i c  p a t h  b e c a u s e  a s  t h e  
i n i t i a l  s e a rc h  r a t e  i s  i n c r e a s e d  the a c q u i s i t i o n  t r a j e c t o r y  i n c r e a s e s  
i n  s i z e .  For  n o r m a l i s e d  i n i t i a l  s e a r c h  r a t e s  a b o v e  1 b i t s " !  t h e  
p u l l - i n  t i m e  r e m a i n s  r e l a t i v e l y  c o n s t a n t  a s  t h e  a c q u i s i t i o n  
t r a j e c t o r y  i n c r e a s e s  i n  p r o p o r t i o n  t o  t h e  s e a r c h  v e l o c i t y .  F o r  
i n i t i a l  s e a r c h  v e l o c i t i e s  c l o s e  to  th e  maximum a l low ed ,  e xpans ion  of  
th e  a c q u i s i t i o n  t r a j e c t o r y  i n  th e  upper q u a d r a n t s  o f  t h e  phase p la n e  
c e a s e s ,  g i v i n g  r i s e  t o  t h e  s m a l l  d i p  i n  t h e  c h a r a c t e r i s t i c s .  
However ,  f o r  f u r t h e r ,  v e r y  s m a l l  i n c r e a s e  i n  s e a r c h  v e l o c i t y ,  
c a r e f u l  ex a m in a t io n  of the  a c q u i s i t i o n  t r a j e c t o r i e s  r e v e a l s  t h a t  t h e  
t r a j e c t o r y  expands s i g n i f i c a n t l y  i n  t h e  l o w e r  q u a d ra n t  o f  t h e  phase -  
p lane  only .  This  r e s u l t s  i n  an  I n c r e a s e  i n  the  p u l l - i n  t ime.  As t h e  
i n i t i a l  s ea rch  r a t e  becomes ex t re m e ly  c l o s e  t o  t h e  maximum th e  p u l l -  
i n  t im e  becomes a v e ry  l e n g th y  p rocess .
For  t h e  c a s e  o f  t h e  s w i t c h e d  l o o p s  i t  i s  s e e n  t h a t  t h e r e  i s  a 
minimum s e a r c h  v e l o c i t y  w h i c h  i s  n e c e s s a r y  t o  e n s u r e  l o c k .  F o r  
s ea rch  r a t e s  above t h i s  minimum th e  c h a r a c t e r i s t i c s  a r e  s i m i l a r  to  
t h o s e  of  t h e  s t a n d a r d  d e l a y  l o c k  l o o p .  The i n i t i a l  r e d u c t i o n  i n  
p u l l - i n  t i m e  w i t h  i n c r e a s i n g  s e a r c h  r a t e  i s  " s o f t e r "  i n  t h i s  c a s e  
because  the  s w i tch ed  loop  does n o t  a c c e l e r a t e ,  which  o b v io u s ly  s p e e d s  
up th e  p u l l - i n  t ime.
The r e a s o n  f o r  th e  minimum i n i t i a l  s e a rc h  r a t e  i s  i l l u s t r a t e d  i n  
F i g u r e  3.38 f o r  t h e  2-A d e l a y  l o c k  l o o p .  At low  s e a r c h  r a t e s  t h e  
t r a j e c t o r y  i s  such  t h a t  x r e d u c e s  to  z e r o  b e f o r e  x e x c e e d s  - 1  b i t ,
i . e .  t h e  epoch  s e a r c h  s t o p s  o r  r e v e r s e s  b e f o r e  t h e  c o d e s  come i n t o
-  19  5 -
x=52 ____
Close  to  maximum 
i n i t i a l  search ra te
Close  to  minimum 
i n i t i a l  search ra te  
x=2.05 =
i n i t i a l  search ra te  j u s t  
exceeds  maximum a l l owed
-3- i
j u s t  below minimum 
i n i t i a l  search ra te
-2J
Figure 3.38. Acquisition trajectories of modified
switched loop for initital search rate 
below and above the minimum allowed.
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c o a r s e  s y n c h r o n i s a t i o n .  I f  t h e  i n i t i a l  s e a r c h  v e l o c i t y  i s  j u s t  
l a r g e r  tha n  t h i s  minimum, F igure  3.38 shows t h a t  the  t r a j e c t o r y  j u s t  
exceeds  x= - l .  The lo o p  th e n  s w i t c h e s  over  and th e  l o o p  i s  f o r c e d  t o  
p u l l - i n .
I f  t h e  i n i t i a l  sea rch  r a t e  i s  l a r g e r  th a n  t h e  maximum a l l o w a b l e ,  
F ig u r e  3.38 shows t h a t  l o c k  cannot  be ach ieved .
3.7 MEAN ACQUISITION TIME IN NOISELESS CONDITIONS
I n  t h e  p r e v i o u s  s e c t i o n s  i t  h a s  been  s t r e s s e d  t h a t  t h e r e  i s  a 
maximum i n i t i a l  s e a rc h  r a t e  from which a c q u i s i t i o n  may u l t i m a t e l y  be 
a c h i e v e d .  I f  t h i s  v a l u e  i s  e x c e e d e d  l o c k  on  t h e  f i r s t  p a s s  o f  t h e  
two sequences  does  no t  occur.  Up t o  t h i s  p o in t  t h e  mean a c q u i s i t i o n  
t im e  i s :
Tjjj^x = (L/2) Xg (JÜJ1 + P u l l  i n  t im e  
w h e r e  t h e  p u l l - i n  t i m e  h a s  been  p l o t t e d  f o r  v a r i o u s  l o o p s  i n  t h e  
p r e v io u s  s e c t i o n  a s  a  f u n c t i o n  of  x, and L i s  t h e  sequence l e n g th .
However, i t  w i l l  be seen  from the  a c q u i s i t i o n  t r a j e c t o r i e s  t h a t  
even i f  l o c k  i s  no t  a ch ieved  on t h e  f i r s t  pass  i t  may be p o s s i b l e  to  
a c q u i r e  l o c k  on su b se q u en t  passes.  The r e a s o n  f o r  t h i s  i s  t h a t  when 
t h e  l o o p  g a i n  i s  v e r y  h i g h  t h e  s e a r c h  r a t e  a t  t h e  end o f  t h e  
a t t e m p t e d  a c q u i s i t i o n  p r o c e s s  i s  l o w e r  a t  t h e  v a l u e  b e f o r e  
a c q u i s i t i o n  i s  a t t e m p t e d .  T h i s  l o w e r  v a l u e  i s  m a i n t a i n e d  by t h e  
"memory" o f  t h e  l o o p  ( o n ly  when g i s  v e r y  h i g h )  u n t i l  t h e  s e q u e n c e  
nex t  s l i d e s  p a s t  t h e  phase s y n c h r o n i s a t i o n  c o n d i t i o n  and a c q u i s i t i o n  
w i t h  t h i s  l o w e r  s e a r c h  v e l o c i t y  can be r e - a t t e m p t e d .  As t h e  l o o p  
g a i n  g i s  r e d u c e d  t h e  "memory" i s  a l s o  r e d u c e d  and  t h e  s e a r c h  
v e l o c i t y  g r a d u a l l y  i n c r e a s e s  d u r in g  the  subsequen t  epoch s e a r c h  u n t i l  
i t  i s  t h e  same v a l u e  a s  t h e  o r i g i n a l  s e a r c h  v e l o c i t y .  I n  t h i s  c a s e
-  19 7  -
each a c q u i s i t i o n  a t t e m p t  i s  an independen t  t r i a l .
C o n s i d e r i n g  t h e  c a s e  w h e re  g -^°°  f i g u r e  3.39 (a )  show s  t h e  
s teady  s t a t e  sea rch  r a t e  a f t e r  an a c q u i s i t i o n  a t t e m p t  a s  a  f u n c t i o n  
of  t h e  i n i t i a l  s e a r c h  f o r  lA ,  2A, and  4 A DLLs u n d e r  n o i s e l e s s  
c o n d i t i o n s .  (The e f f e c t  of no ise  on th e  maximum i n i t i e i l  s e a r c h  r a t e  
w i l l  be g i v e n  i n  C h a p t e r  6). T h i s  i n f o r m a t i o n  c an  be u s e d  t o  
c a l c u l a t e  t h e  number of p a s s e s  of  th e  sequence r e q u i r e d  f o r  l o c k  t o  
be a c h i e v e d .  T h i s  i s  shown i n  F i g u r e  3.39  (b) .  I t  i s  c l e a r  t h a t  i t  
i s  p o s s i b l e  t o  a c q u i r e  l o c k  when x^ > Xg bu t  t h e  number of  p a s s e s  
r e q u i r e d  r i s e s  v e r y  s h a r p l y  and  f o r  t h e  c a s e  w h e r e  Xg=2Xg 
a p p r o x i m a t e l y  10 p a s s e s  a r e  r e q u i r e d .  When c a l c u l a t i n g  t h e  mean  
a c q u i s i t i o n  t i m e  t h e  p u l l - i n  t i m e  f r o m  t h e  10 a t t e m p t e d  p u l l - i n s  
would have  to  be inc luded .  In  t h e  p r e v io u s  s e c t i o n  i t  h a s  been  
shown t h a t  p u l l  i n  can become a v e ry  l e n g th y  p r o c e s s  when 
Xg % Xg max* i s  t h u s  i n t e r e s t i n g  t o  s e e  w h e t h e r  i t  i s  b e t t e r  t o  
a l l o w  Xg t o  be g r e a t e r  t h a n  Xg on t h e  b a s i s  t h a t  t h e  s e c o n d
s e r i a l  s e a r c h  t i m e  may be a c c o m p l i s h e d  f a s t e r  t h a n  one p u l l - i n  
a t t e m p t .  F i g u r e  3.39  (c )  shows  t h e  mean a c q u i s i t i o n  t i m e  o f  a  1023  
b i t  l o n g  s e q u e n c e  f o r  lA, 2A, and  4A DLLs w hen  Ç =0.707 and w%= 1 
r a d  s “ ^.
The r a n g in g  r e c e i v e r  a p p l i c a t i o n  may be c o n s id e re d  a s  a  s p e c i a l  
c a s e .  I n  t h e  m a j o r i t y  o f  c a s e s  t h e  d e l a y  l o c k  l o o p  w i l l  be u s e d  i n  
m u l t i - a c c e s s  c o m m u n i c a t i o n  s y s t e m s  i n  w h ic h  t h e  p s eu d o  n o i s e  
s e q u e n c e s  a r e  d a t a  m o d u l a t e d .  T h i s  t e c h n i q u e  w i l l  be d i s c u s s e d  i n  
S e c t i o n  3.8.
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i n i t i a l  search r a t e  ( b i t s  s )
F igure  3 . 39
a)  E f f e c t  o f  the normal ised i n i t i a l  s earch r a te  ( f o r  x >x ) on the s t eady
s s max
s t a t e  search  ra te  a f t e r  the a c q u i s i t i o n - a t t e m p t  ( f o r  rad s ,
and Ç=0.707 )  f o r  lA,  2A, and 4A lo op s .
b) Graph o f  the  number o f  a c q u i s i t i o n  a t t empts  needed b e fo re  lock i s  achi eved
as a f un c t io n  o f  normal ised i n i t i a l  r a t e  x >x fo r  1 A, 2A and 4A loops  
1 s s max
( g - * «  = 1 rad s" and ç= 0 . 7 07 )









normal ised i n i t i a l  search ra te  ( b i t  s"^)
Figure 3 .3 9  (Continued)
c )  E f f e c t  o f  the  normal ised i n i t i a l  search ra te  on the  mean
a c q u i s i t i o n  t ime for  x > x  f o r  lA 2^, and 4^ l oops  
s s max
(g — = 1 rad s"^ and Ç=0 .707 ) .
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3.8 APPLICATION OF SWITCHED DELAY LOCK LOOPS TO SPREAD SPECTRUM 
COMMUNICATION SYSTEMS
3 .8 .1  I n t r o d u c t io n
The de lay  loc k  lo o p s  th u s  f a r  d e s c r ib e d  have been in t e n d e d  f o r  
use i n  r a n g in g  r e c e i v e r  a p p l i c a t i o n s .  Data modula ted  d i r e c t - s e q u e n c e  
s p r e a d  s p e c t r u m  s y s t e m s  commonly u s e  s e q u e n c e  i n v e r s i o n  k e y i n g  i n  
w h ic h  t h e  d a t a  i s  m o d u l o - 2  ad d ed  t o  t h e  h i g h  s p e e d  p s e u d o  n o i s e  
sequence.  To a c h ie v e  t h e  n ecessa ry  p r o c e s s in g  g a i n  t h e  d a t a  r a t e  i s  
much  l e s s  t h a n  t h e  c h i p  r a t e  o f  t h e  p s e u d o  n o i s e  s e q u e n c e .  
G e n e r a l l y ,  each  d a t a  b i t  h a s  t h e  same p e r i o d  a s  one e n t i r e  p seudo  
n o i s e  s e q u e n c e  p e r i o d  and  i s  c l o c k e d  c o h e r e n t l y  w i t h  t h e  s t a r t  o f  
each sequence.  However, the  d a t a  may be t r a n s m i t t e d  asynch ronous ly ,  
i f  d e s i r e d .  The e f f e c t  o f  m o d u l a t e d  d a t a  on a d e l a y  l o c k  l o o p  
s y n c h ro n i s e r  i s  t o  change th e  p o l a r i t y  of th e  N-shaped d i s c r i m i n a t o r  
c h a r a c t e r i s t i c  whenever the da ta  changes p o l a r i t y .  The d a t a  r a t e  i s  
much h ig h e r  than  t h e  lo o p  f i l t e r  bandwidth,  and a s  a  consequence th e  
mean va lue  of e r r o r  s ig n a l  f e d  to  th e  v o l t a g e  c o n t r o l l e d  o s c i l l a t o r  
i s  z e r o  i f  t h e  d a t a  i s  a s s u m e d  t o  be random .  A common t e c h n i q u e  o f  
overcoming t h i s  problem i s  to  use  an enve lope  d e t e c t o r  i n  each arm of 
th e  de lay  lo c k  lo o p  to  m a i n t a i n  t h e  p o l a r i t y  of  t h e  i n d i v i d u a l  e a r l y  
and l a t e  c o r r e l a t i o n s .  A r e q u i r e m e n t  of  th e s e  d e t e c t o r s  i s  t h a t  they 
s h o u l d  d e m o d u l a t e  t h e  d a t a  l i n e a r l y  ( r a t h e r  t h a n  s q u a r e  lo w )  
o th e r w i s e  the  lo o p  h a s  reduced  g a in  a t  the optimum p o s i t i o n  of  lo c k  
[ 1 4 ] .  A l th o u g h  such  t e c h n i q u e s  a r e  v i a b l e  f o r  s i m p l e  1-A 
and 2 -  A delay l o c k  lo o p s  they become l e s s  v i a b l e  a s  the  s i z e  of the  
lo o p  i n c r e a s e s  i n v o l v i n g  more s e p a r a t e  c o r r e l a t i o n s .
D a v ie s  and  A l-Raw as  [ 1 8 ]  and  Ormondroyd  and  S h i p t o n  [ 1 4 ]  h a v e
-  2 0 1  -
s e p a r a t e l y  proposed d a t a  f eedback  t e c h n iq u e s  to  remove t h e  need f o r  
e n v e l o p e  d e t e c t i o n .  I n  t h i s  t e c h n i q u e ,  a n  e s t i m a t e  o f  t h e  d a t a  i s  
o b t a i n e d  from the  sp read  spec trum d a t a  c o r r e l a t o r .  Th is  i s  f e d  back 
t o  the  d a t a  modulated  pseudo n o i s e  sequence a p p l i e d  t o  the  de lay  l o c k  
l o o p  s y n c h r o n i s e r  w h e r e  i t  i s  m o d u l o - 2  added  t o  p r o d u c e  a " c l e a n *  
pseudo n o i s e  sequence devoid of  m odu la t ion .  I t  w i l l  be a p p a r e n t  t h a t  
t h e  d a t a  c o r r e l a t o r  f i r s t  r e q u i r e s  t h e  l o c a l  pseudo n o i s e  sequence to  
be i n  p h a s e  w i t h  t h e  r e c e i v e d  d a t a  m o d u l a t e d  s i g n a l  b e f o r e  i t  can  
s u p p l y  an a c c u r a t e  d a t a  e s t i m a t e  t o  t h e  s y n c h r o n i s e r .  H owever ,  t h e  
d e l a y  l o c k  l o o p  i d l e s ,  su c h  t h a t  t h e  l o o p  p e r f o r m s  a n  e p o c h  s e a r c h  
when ou t  of  lock.  I f  th e  epoch sea rch  i s  s u f f i c i e n t l y  slow th e  d a t a  
e s t i m a t e  can be o b t a in e d  a s  the  two sequences  s l i d e  p a s t  each o t h e r  
th rough  phase s y n c h r o n i s a t i o n .  This  can be f e d  t o  t h e  s y n c h r o n i s e r ,  
and  t h e  d a t a  m o d u l a t i o n  r e m o v e d .  The l o o p  t h e n  " s n a p s "  i n t o  
s y n c h r o n i s a t i o n .  The i n - l o c k  p e r f o r m a n c e  o f  t h i s  l o o p  i s  g i v e n  i n  
[ 1 4 ] .  The p e n a l t y  o f  t h i s  t y p e  o f  c r u d e  d a t a  f e e d b a c k  d e l a y  l o c k  
l o o p  i s  a r e d u c t i o n  i n  t h e  maximum i n i t i a l  s e a r c h  r a t e .  I n  
w id e -  A l o o p s  t h e  p r o b l e m  i s  l e s s  a c u t e  b e c a u s e  t h e r e  i s  a 
c o r r e s p o n d i n g l y  l o n g e r  t i m e  t o  f e e d  t h e  e s t i m a t e  back  t o  t h e  d e l a y  
l o c k  lo o p  d u r in g  p u l l - i n .
Th is  problem e x i s t s  because  t h e  d a t a  e s t i m a t e  can only  be made 
when t h e  l o c a l l y  g e n e r a t e d  s e q u e n c e ,  comes  w i t h i n  +1 b i t  o f
s y n c h r o n i s a t i o n  of  th e  r e c e i v e d  sequence ,  d i c t a t e d  by th e  c o r r e l a t i o n  
f u n c t i o n  of the  pseudo n o i s e  sequence. I f  a r e l i a b l e  d a t a  e s t i m a t e  
can be made b e fo re  t h e  lo o p s  s t a r t  to  a c q u i r e  l o c k  t h e n  t h e r e  should  
be no r e d u c t i o n  i n  the  maximum s e a rc h  r a t e .
Thus ,  f o r  a g e n e r a l  (n-m)A d e l a y  l o c k  l o o p  a r e l i a b l e  e s t i m a t e  
s h o u l d  be a v a i l a b l e  f o r  (n+m+2) b i t s .  T h i s  may be a c h i e v e d  q u i t e
-  2 0 2  -
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Figure 3.40. Extended data correlation characteristics 
necessary to employ the data feedback 
technique
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e a s i l y  w i t h  minimum e x t r a  h a r d w a r e  by p e r f o r m i n g  m u l t i p l e  d a t a  
c o r r e l a t i o n s  i n  p a r a l l e l  u s in g  s e v e r a l  e a r l y  and l a t e  l o c a l  sequences  
g e n e r a t e d  by t h e  f e e d b a c k  s h i f t  r e g i s t e r .  F i g u r e  3 .40  i l l u s t r a t e s  
the  t e c h n iq u e  a p p l i e d  t o  a sw i tched  2-A de lay  l o c k  lo o p  and shows the  
e x t e n d e d  c o r r e l a t o r  c h a r a c t e r i s t i c s ,  c o m p a re d  w i t h  a s t a n d a r d  
c o r r e l a t o r .  I t  i s  c l e a r  t h a t  t h e  d a t a  e s t i m a t e  i s  a v a i l a b l e  t o  t h e  
d e l a y  l o c k  l o o p  o v e r  a  r a n g e  o f  d e l a y  e r r o r s  beyond  t h a t  o f  t h e  
n o r m a l  c o r r e l a t o r .  I t  i s  n o t  n e c e s s a r y  f o r  t h i s  new c o r r e l a t o r  
c h a r a c t e r i s t i c  t o  be s y m m e t r i c a l  b e c a u s e  t h e  l o o p  a c q u i r e s  l o c k  
d u r i n g  t h e  s e a r c h  p r o c e d u r e  and  d e l a y  e r r o r s  o f  +2 b i t  a r e  n o t  
a c h i e v e d  i n  a 2-A d e l a y  l o c k  l o o p .  H ow ever ,  i t  i s  o b v i o u s  t h a t  t h e  
r a n g e  o v e r  w h ic h  t h e  d a t a  can  be r e c o v e r e d  may be e x t e n d e d  t o  t h e  
l i m i t  s e t  by th e  l e n g t h  of  t h e  f eed b a ck  s h i f t  r e g i s t e r .
3.8.2 Switched Delay Lock Loop Using Data Feedback
The t e c h n i q u e  i s  shown i n  F i g u r e  3 .41.  The d e l a y  l o c k  l o o p  
i n c o r p o r a t e s  the  d a ta  c o r r e l a t o r  a s  w e l l  a s  the  s y n c h r o n i s a t i o n  and 
t r a c k i n g  l o o p ,  w h i c h  may be o f  an y  t y p e  d e s c r i b e d  e a r l i e r .  
C ons ide r ing  the da ta  c o r r e l a t o r  s e c t i o n ,  th e  low p ass  f i l t e r  on th e  
d a t a  c o r r e l a t o r  h a s  a c u t  o f f  f r e q u e n c y  e q u a l  t o  t h e  d a t a  r a t e  and  
t h e  z e r o  c r o s s i n g  d e t e c t o r  i s  u s e d  t o  r e s t o r e  t h e  s h a p e  of  t h e  d a t a  
b i t s .
I t  w i l l  be seen t h a t  t h e  c o n f i g u r a t i o n  o f  th e  s w i tc h e d  2-A de lay  
l o c k  lo o p  i s  s l i g h t l y  d i f f e r e n t  from t h a t  shown e a r l i e r ,  i n  t h a t  t h e  
S i - 1  c o r r e l a t i o n  i s  n o t  per fo rm ed  u n t i l  a f t e r  t h e  summing o p e r a t i o n .  
This  i s  p e r m i s s i b l e  because th e  m ix ing  o p e r a t i o n  i s  l i n e a r ,  and i t s  
e f f e c t  i s  t o  keep t h e  number of  m u l t i p l i e r  ICs t o  a minimum. In  t h i s  
l o o p  c o n f i g u r a t i o n  t h e  a r i t h m e t i c  sum o f  t h e  l o c a l l y  g e n e r a t e d
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s e q u e n c e s ,  + SjL_i) i s  f i r s t  m o d u l a t e d  by d a t a  w h ic h  i s  t h e n
c o r r e l a t e d  a g a i n s t  the d a t a  modula ted  r e c e i v e d  s i g n a l ,  u s in g  th e  lo o p  
f i l t e r  t o  p e r f o r m  t h e  i n t e g r a t i o n  p r o c e s s .  The d i s c r i m i n a t o r  
c h a r a c t e r i s t i c s  a r e  i d e n t i c a l  to  those  shown i n  F ig u re  3.18.
Two t y p e s  o f  d a t a  s o u r c e  w e r e  u s e d  w i t h  t h e  e x p e r i m e n t a l  
s w i t c h e d  de lay  l o c k  lo o p  w i t h  d a t a  feedback .  The f i r s t  type of d a t a  
w a s  c l o c k e d  s y n c h r o n o u s l y  w i t h  t h e  p s eudo  n o i s e  s e q u e n c e  and  h a d  a 
d a t a  b i t  p e r i o d  e q u a l  t o  t h e  s e q u e n c e  p e r i o d .  The s e c o n d  ty p e  o f  
d a t a  had t h e  same nominal  d a t a  r a t e ,  bu t  was c locked  asynch ronous ly  
w i t h  r e s p e c t  t o  the pseudo n o i s e  sequence.  The pseudo n o i s e  code was  
a 1 0 2 3  b i t  m a x i m a l  l e n g t h  s e q u e n c e  c l o c k e d  a t  1 MHz i n  t h e  
t r a n s m i t t e r .  F o r  t h e  p u r p o s e  o f  t h e s e  t e s t s  a  s t a n d a r d  u n s w i t c h e d  
d e l a y  l o c k  l o o p  i s  c o m p a re d  w i t h  t h e  s w i t c h e d  d e l a y  l o c k  l o o p s  
o u t l i n e d  i n  S e c t i o n  3.3.1 and 3 .3 .2 .  The l o o p  n a t u r a l  f r e q u e n c y ,  w ^ 
w a s  s e t  t o  1 r a d  p e r  s e c  a n d  t h e  d a m p in g  r a t i o ,  ç= 0.707 .  The low 
p a s s  f i l t e r ,  u s e d  t o  r e m o v e  t h e  d a t a  e s t i m a t e  f ro m  t h e  d a t a  
c o r r e l a t o r ,  w as  s e t ,  i n  t h e  f i r s t  i n s t a n c e ,  e q u a l  t o  t h e  d a t a  r a t e  
(977 b i t  per  sec )  t o  m in im ise  p u l s e  d i s t o r t i o n .  The d a ta  so u rc e  was 
g e n e r a t e d  f rom a maximal l e n g t h  sequence g e n e r a to r .
F i g u r e  3.42 shows the  e x p e r i m e n t a l  a c q u i s i t i o n  t r a j e c t o r i e s  o f  
un s w i tc h e d  and s w i t c h e d  de lay  lo c k  l o o p s  w i t h  both synchronous  and 
asynchronous  d a t a  feedback .  The a c q u i s i t i o n  t r a j e c t o r i e s  show t h a t  
t h e r e  i s  no  s i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  s y n c h r o n o u s  a n d  
asynchronous  da ta .  They a l s o  show t h a t  the  d a t a  has  no e f f e c t  on the  
maximum i n i t i a l  s ea rch  r a t e  when d a t a  feedba ck  i s  used,  and t h a t  i n  
e v e r y  c a s e  t h e  maximum i n i t i a l  s e a r c h  r a t e  i s  t h e  same a s  t h e  
t h e o r e t i c a l  p r e d i c t e d  v a l u e  found e a r l i e r  i n  t h e  ch ap te r .
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Figure 3.42 Experimental acquisition trajectories of 
standard and switched 2-A delay lock loop 
using data feedback
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F i g u r e  3 . 4 2  C o n t i n u e d .
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T a b l e  3.3 c o m p a r e s  t h e  v a l u e s  o f  maximum i n i t i a l  s e a r c h  r a t e  
found f o r  the  types  of de lay  l o c k  lo o p  l i s t e d .
I t  i s  i m p o r t a n t  h e r e  t o  em phasise  t h a t  t h e  n a t u r a l  f requency  of 
t h e  l o o p  and  t h e  maximum s e a r c h  r a t e  w e r e  m e a s u r e d  w h i l e  t h e  
bandwidth  of th e  low pass  f i l t e r  which i s  l o c a t e d  be tween  t h e  f i r s t  
m u l t i p l i e r  and  t h e  z e r o  c r o s s i n g  d e t e c t o r  i s  e q u a l  t o  t h e  d a t a  b i t  
r a t e  (977 Hz).
F or  t h e  c a s e  of  4 - A d e l a y  l o c k  l o o p  u s e d  w i t h  d a t a  f e e d b a c k  i t  
i s  n ece ss a ry  t o  w iden  the da ta  c o r r e l a t o r  i f  maximal i n i t i a l  s e a r c h  
r a t e  i s  t o  be a c h i e v e d .  I n  t h i s  c a s e  s i x  d a t a  c o r r e l a t o r  w o u l d  be 
per formed  fream sequence t o  s e q u e n c e  S ^ _ 2  i n c l u s i v e .  However ,
t h i s  r e q u i r e s  no more hardware ,  excep t  f o r  e x t r a  summing j u n c t i o n  i n  
the  summing a m p l i f i e r  of the da ta  c o r r e l a t o r s .
3.8.3 S w itched  D elay Lock Loop w ith o u t  D ata Feedback
F i g u r e  3.43 shows  a b l o c k  d i a g r a m  o f  a  s w i t c h e d  v e r s i o n  o f  t h e  
2-A de lay  lo c k  l o o p  used  p r e v io u s l y  by Ward [20] t o  t r a c k  a sequence 
i n v e r s i o n  k e y i n g  m o d u l a t e d  s i g n a l .  The o n l y  a d d i t i o n  t o  t h e  d e l a y  
l o c k  l o o p  i s  t h e  s w i t c h i n g  s e c t i o n .
When t h e  i n p u t  s i g n a l  i s  one b i t  de layed  from th e  l o c a l l y  
g e n e r a t e d  sequence Sj  ̂ ( i . e .  s y n c h ro n i s e d  w i t h  S j _ i ) ,  the  o u t p u t  
o f  t h e  c o r r e l a t o r  i n  arm 1 i s  a t  a  maximum p o s i t i v e  v a lu e ,  r e g a r d l e s s  
of the  p o l a r i t y  of the  data.
S i m i l a r l y  when t h e  i n p u t  s i g n a l  i s  one b i t  advanced w i t h  r e s p e c t  
t o  t h e  l o c a l l y  g e n e r a t e d  s e q u e n c e  ( i . e .  s y n c h r o n o u s  w i t h  S ^ + i ) ,  
t h e  o u tp u t  of  th e  c o r r e l a t o r  i n  arm 2 i s  a l s o  a t  a maximum p o s i t i v e  
peak va lue .  So by m u l t i p l y i n g  the  p o s i t i v e  t r i a n g l e  i n  t h i s  arm by 
xl  b e f o r e  s u b t r a c t i n g  i t  from th e  o t h e r  s i g n a l  of arm 1, th e  usua l  N-
















































































- 2 1 1 -
s h a p e  e r r o r  c u r v e  i s  d e v e l o p e d  an d  i t  i s  i d e n t i c a l  t o  t h a t  shown i n  
F i g u r e  3.18a which can a c q u i r e  s y n c h r o n i s a t i o n  and m a i n t a i n  t r a c k i n g  
i n  a s t a n d a r d  way.
H o w e v e r ,  i f  i n s t e a d ,  t h e  p o s i t i v e  t r i a n g l e  i n  a rm  2 i s  
m u l t i p l i e d  by minus one, the  s w i tc h e d  v e r s i o n  of t h e  N-shaped e r r o r  
cu rve  i s  developed  and i t  i s  i d e n t i c a l  t o  t h a t  shown i n  f i g u r e  3.18b, 
t o  s t a r t  the s y n c h r o n i s a t i o n  p r o c e s s  w i t h  h i g h e r  s e a r c h  r a t e  f o l l o w e d  
by th e  t r a c k i n g  p r o c e s s  a s  d i s c u s s e d  e a r l i e r .
The bandwidth of  th e  low p ass  f i l t e r  must  be chosen c a r e f u l l y .  
I t  shou ld  be wide enough so t h a t  t h e  d a t a  can p as s  t o  t h e  next  s tag e ,  
and should  be narrow enough i n  o rd e r  t o  improve  the  s i g n a l  t o  n o i s e  
r a t i o  a t  th e  r e c t i f i e r a s  in p u t .
I t  was found t h a t  th e  a c q u i s i t i o n  and t r a c k i n g  b ehav iou r  of  t h i s  
delay  l o c k  lo o p  i s  i d e n t i c a l  t o  th o se  d i s c u s s e d  e a r l i e r .
Synchronous and asynchronous  d a t a  a r e  a l s o  used  w i t h  t h i s  loop.  
S i m i l a r  e x p e r im e n ta l  r e s u l t s  of  the  a c q u i s i t i o n  t r a j e c t o r i e s  of th e  
u n s w i t c h e d  and  s w i t c h e d  l o o p s  t o  t h o s e  shown i n  F i g u r e  3.42  w e r e  
o b t a i n e d  w i t h  synchronous  and asynchronous  da ta ,  w hich  means t h a t  th e  
d a t a  h a s  no e f f e c t  on t h e  maximum i n i t i a l  s e a rc h  r a t e .
3.9 CONCLUSIONS
A novel  delay  lo c k  l o o p  [29] h a s  been  d e s c r i b e d  w hich  p ro v id e s  a 
s u b s t a n t i a l  improvement i n  th e  maximum s e a r c h  r a t e  o b t a i n a b l e .  The 
pe r fo rm ance  of the  m o d i f i e d  de lay  l o c k  l o o p  compares e x t r e m e ly  w e l l  
w i t h  t h e o r e t i c a l  c a l c u l a t i o n .  I t  c a n  a c h i e v e  a c q u i s i t i o n  o f  l o c k  
from i n i t i a l  sea rch  r a t e s  which  a r e  x2.5 h ig h e r  th a n  s t a n d a r d  de lay  
l o c k  l o o p s  a t  a damping r a t i o  of  0.707, y e t  ha s  no s i g n i f i c a n t  e f f e c t
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on th e  p u l l  i n  t i m e  and w i t h o u t  w o rse n in g  t h e  i n - l o o k  per fo rm ance  i n  
any way. I t  has  a l s o  been shown t h a t  c o n t r o l l i n g  the  damping r a t i o  
d u r in g  a c q u i s i t i o n ,  i n  c o n j u n c t io n  w i t h  t h i s  new lo o p  can a l s o  y i e l d  
very  l a r g e  i n c r e a s e  i n  i n i t i a l  s e a r c h  r a t e .  There i s  an  i n c r e a s e  of 
x4.1 and x8.2 i n  t h e  s e a r c h  r a t e  f o r  e v e r y  0.707 i n c r e a s e  i n  t h e  
damping r a t i o  f o r  2a and 4 A l o o p s  r e s p e c t i v e l y .  The c o s t  i n  t e r m s  of 
a d d i t i o n a l  ha rdw are  i s  min im al.  F i n a l l y ,  two t e c h n iq u e s  have been  
a p p l i e d  t o  s t a n d a r d  an d  m o d i f i e d  d e l a y  l o c k  l o o p  an d  i t  h a s  b e e n  
f o u n d  t h a t  n e i t h e r  t h e  s y n c h r o n o u s  n o r  a s y n c h r o n o u s  d a t a  h a s  any 
e f f e c t  on the  p u l l - i n  p r o p e r t i e s  of t h e  lo o p s  d es c r ib e d .
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CHAPTKR FOUR
TRANSMITTING A MULTILEVEL SEQUENCE IN A DIRECT SEQUENCE 
SPREAD SPECTRUM SYSTEM FOR IMPROVED CODE ACQUISITION
4 .1  MULTILEVEL SPREAD-SPECTRUM SYSTEMS
4 .1 .1  I n t r o d u c t io n
The m o s t  c o m p le x  p a r t  o f  a  d i r e c t  s e q u e n c e  s p r e a d - s p e c t r u m  
system i s  the  r e c e i v e r ,  where s y n c h r o n i s a t i o n  and t r a c k i n g  have t o  be 
ac h ie v e d  b e f o r e  any communica tion  l i n k  i s  e s t a b l i s h e d .  A g r e a t  dea l  
o f  e f f o r t  h a s  been  e x p e n d e d  i n  t h i s  a r e a .  Two m a in  m e t h o d s  o f  
s y n c h r o n i s i n g  t h e  l o c a l  d e s p r e a d i n g  code t o  t h e  t r a n s m i t t e d  s i g n a l  
hav e  b e e n  w i d e l y  u s e d .  One i s  t h e  d e l a y  l o c k  l o o p  an d  t h e  o t h e r  i s  
t h e  T a u - d i t h e r  l o o p .  These  h a v e  b e e n  d e s c r i b e d  e a r l i e r ,  and  b o th  
have found use  i n  r a n g i n g  and d a t a  m odu la ted  systems.
I n  some a p p l i c a t i o n s ,  w h e r e  i t  i s  n e c e s s a r y  t o  e m p loy  s p r e a d  
s p e c t r u m  t e c h n i q u e s ,  t h e  r e c e i v e r  d e s i g n  m u s t  be l i m i t e d  i n  c o s t ,  
w e i ^ t  a n d / o r  s i z e ,  y e t  w i t h o u t  s a c r i f i c i n g  any per formance  i n  t e rm s  
of a c q u i s i t i o n  per formance or  i n - l o c k  n o i s e  performance.
I n  t h i s  s e c t i o n  m o d i f i c a t i o n s  a r e  d e t a i l e d  w h i c h  a l l o w  t h e  
r e c e i v e r  t o  be c o n s id e r a b ly  r educe d  i n  com plex i ty  and c o s t ,  y e t  which 
have  t h e  same h i g h - s p e e d  a c q u i s i t i o n  p e r f o r m a n c e  o f  t h e  s t a n d a r d  
delay  l o c k  lo o p s  d e t a i l e d  i n  Chapter  Three .
The b a s i c  i d e a  of  t h e  new te c h n iq u e  i s  t o  t r a n s m i t  a  m u l t i - l e v e l  
s e q u e n c e  a t  t h e  t r a n s m i t t e r  i n s t e a d  o f  t h e  c o n v e n t i o n a l  tw o  l e v e l  
sequence ,  and t o  s i m p l i f y  t h e  de lay  l o c k  l o o p  a c c o r d in g ly .
Th is  m o d i f i c a t i o n  could  be a p p l i e d  p a r t i c u l a r l y  where t h e r e  i s  a 
s i n g l e  t r a n s m i t t e r  and  many r e c e i v e r s  w h ic h  can  be j o i n t l y  o r  
s e p a r a t e l y  a d d re s s e d  from the t r a n s m i t t e r  (e.g. n a v i g a t io n ,  s a t e l l i t e
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r e c e p t i o n ,  e t c . ) .  I n  t h i s  c a s e  t h e r e  w i l l  be a l a r g e  r e d u c t i o n  i n  
o v e r a l l  system com plex i ty  f o r  a m a rg in a l  i n c r e a s e  i n  the  com plex i ty  
of  th e  s i n g l e  t r a n s m i t t e r .
Although th e  m o d i f i c a t i o n  can be a p p l i e d  t o  any  s t a n d a r d  de lay  
l o c k  lo o p  the  te c h n iq u e  w i l l  be d e s c r i b e d  s p e c i f i c a l l y  f o r  th e  2a and 
4 A v a r i a n t s .  For t h e  2 A l o o p  t h e  new t r a n s m i t t e d  s e q u e n c e  w i l l  be 
s e q u e n c e  o f  t h r e e  l e v e l s ,  w h i l s t  f o r  t h e  4A l o o p  t h e  new s e q u e n c e  
w i l l  be s e v e n  l e v e l s .  Other de lay  lo c k  lo o p s  r e q u i r e  d i f f e r e n t  l e v e l  
s e q u e n c e s .  T h i s  s e c t i o n  a l s o  show s  t h e  m e th o d  o f  g e n e r a t i n g  t h e s e  
m u l t i - l e v e l  sequences  i n  t h e  t r a n s m i t t e r .
4 . 1 . 2  S i m p l i f i c a t i o n  o f  t h e  R e c e iv e r
In  Chapter  Three i t  was shown t h a t  th e  a c q u i s i t i o n  perfo rmance  
o f  t h e  d e l a y  l o c k  l o o p  w a s  d e t e r m i n e d  by t h e  d i s c r i m i n a t o r  
c h a r a c t e r i s t i c s ,  and t h a t  by u s in g  s e v e r a l  s e p a r a t e  c o r r e l a t i o n s  w i t h
s c a l a r  w e i g h t e d  d e l a y e d  a n d  a d v a n c e d  r e p l i c a  s e q u e n c e s  t h e
d i s c r i m i n a t o r  c h a r a c t e r i s t i c s  c a n  be b r o a d e n e d ,  w h ic h  e n a b l e s  t h e  
i n i t i a l  s e a r c h  v e l o c i t y  t o  be i n c r e a s e d  y e t  s t i l l  k e e p  t h e  f i l t e r  
bandwidth  co n s ta n t .  This  t e c h n iq u e  r e q u i r e s  t h e  de lay  l o c k  l o o p  t o
have s e v e r a l  m ixers  and a m p l i f i e r s .  Th is  can be c o s t l y .
I d e a l l y ,  th e  t r a n s m i t t e d  pseudo random sequence,  when c o r r e l a t e d  
w i t h  t h e  l o c a l  r e p l i c a  s h o u l d  p r o d u c e  a b r o a d  d i s c r i m i n a t o r  
c h a r a c t e r i s t i c  u s in g  a s i n g l e  c o r r e l a t i o n .  In  t h i s  way t h e  ’n' arms
o f  t h e  d e l a y  l o c k  l o o p  v a r i a n t s ,  w h e r e  n = 2,  3» 4 . . .  can  be
r e d u c e d  t o  a s i n g l e  a rm,  i n  a c o n f i g u r a t i o n  i d e n t i c a l  t o  t h e  p h a s e  
l o c k  loop .
The use of a m u l t i - l e v e l  p s e udo-no ise  sequence -  r a t h e r  th a n  a 
b in a ry  p seudo -no ise  sequence,  c o r r e l a t e d  w i t h  a co n v e n t io n a l  b in a ry
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p s e u d o - n o i s e  s e q u e n c e  i n  t h e  r e c e i v e r  c a n  g e n e r a t e  s u c h  a 
d i s c r i m i n a t o r  c h a r a c t e r i s t i c .  In  the nex t  s e c t i o n ,  the s t r u c t u r e  of  
m u l t i - l e v e l  sequences  which g iv e  broad d i s c r i m i n a t o r  c h a r a c t e r i s t i c s  
when c o r r e l a t e d  w i t h  a b i n a r y  p -n  s e q u e n c e  w i l l  be g i v e n ,  t o g e t h e r  
w i t h  t h e  s p e c t r u m  of  t h e  t r a n s m i t t e d  s i g n a l .  T h i s  i s ,  o f  c o u r s e ,  a 
p a r t i c u l a r l y  im p o r ta n t  param ete r  i n  a s p r e a d - s p e c t ru m  system.
4 . 1 . 3  T r a n s m i t t e r  M o d i f i c a t i o n s
C o n s i d e r  e q u a t i o n s  4.1 and 4 .2 ,  w h ic h  r e p r e s e n t  t h e  o u t p u t  o f  
t h e  c o r r e l a t i o n  n e t w o r k  of  t h e  r e c e i v e r ’ s 2 - A and 4 -  A d e l a y  l o c k  
lo o p  r e s p e c t i v e l y :
T
= l i m i t  r [ a ( t ) . b ( t ) - a ( t ) . b ( t + 2 A ) ] d t  4.1
c r o s s  T —
" l i m i t  f  | [ a ( t ) . c ( t ) + a ( t ) . - | c ( t + A ) ] -
T—
[ a ( t )  t+ 3A)+a( t )  .c ( t+4A) ] | d t  4.2
w h e r e  a ( t )  i s  t h e  r e c e i v e d  s e q u e n c e ,  b (x )  and  c ( x )  a r e  t h e  l o c a l l y  
g e n e r a t e d  sequences.
However, e q u a t io n  4 .1  can be r e w r i t t e n  a s :
T
'^2-A = l i m i t  f a ( t ) . [ b ( t  ) -b( t+2A)  ]d t
c ro s s  4 . 3
Thus, by s u b t r a c t i n g  the  two l o c a l l y  g e n e r a t e d  sequences  b(t+2A) from 
b ( t )  and m u l t i p l y i n g  t h e  r e s u l t i n g  s i g n a l  by t h e  r e c e i v e d  s i g n a l  a ( t )  
i t  i s  s t i l l  p o s s i b l e  to  g e t  the  r e q u i r e d  N-shape e r r o r  cu rve  i n  the  
r e c e i v e r ’ s de lay  lo c k  loop .
- 2 1 9 -
S i m i l a r l y  e q u a t io n  4 .2  can be r e w r i t t e n  a s :
=  limit Iy f a(t)j[c(t) + y  c(t+A) ]-[y c(t+3A) + 
cross x— ► 0 0
e f t  + 4a )]}dt 4.4
which  l e a v e s  the  f o u r  l o c a l l y  g e n e r a t e d  sequences  p ro c e s s e d  t o g e t h e r  
i n  t h e  manner shown above and th e n  m u l t i p l i e d  by t h e  r e c e i v e d  s i g n a l  
a ( t ) .
Thus,  i t  i s  q u i t e  p o s s i b l e  t o  t r a n s m i t  a c o m p o s i t e  o r  m u l t i ­
l e v e l  s i g n a l  r e p r e s e n t i n g  the  te rm  [b ( t ) -b ( t+ 2 A ) ]  i n  e q u a t i o n  4.3 t o  
o b t a i n  t h e  d i s c r i m i n a t o r  c h a r a c t e r i s t i c  of  a s im p le  2-A de lay  l o c k  
l o o p .  E q u a l l y ,  i t  i s  p o s s i b l e  t o  t r a n s m i t  a m u l t i l e v e l  s i g n a l  
r e s p e c t i v e l y  { [ c ( t ) +  i  c ( t + A ) ] - [ ^ c ( t + 3  A )+c( t+4A ) J } t o  o b t a i n  t h e  
d i s c r i m i n a t o r  c h a r a c t e r i s t i c  of a  s im p l e  4-A delay  l o c k  loop.  These 
c h a r a c t e r i s t i c s  a r e  a c h i e v e d  by c o r r e l a t i n g  t h e  com pos i te  sequence 
w i t h  o n l y  a s i n g l e  l o c a l  s e q u e n c e  d ( t ) ,  a  s i n g l e  m u l t i p l i e r ,  a n d  a 
s i n g l e  low p a s s  f i l t e r  o r  a l o o p  f i l t e r .  T h i s  m e an s  t h a t  no 
m o d i f i c a t i o n  i s  nece ssa ry  t o  the  r e c e i v e r  i n  o rd e r  t o  deve lop  the  new 
d e l a y  l o c k  l o o p  s y s t e m .  But t h e  t r a n s m i t t e r  s e q u e n c e  m u s t  be 
m o d i f i e d  t o  a ch iev e  t h e se  changes.
F i g u r e  4 . 1 ( a )  sh o w s  a t h r e e  l e v e l  s i g n a l  +A, 0, and  -A, a s  a 
r e s u l t  of s u b t r a c t i n g  th e  maximal l e n g t h  sequence b(t+2A) from b ( t ) .  
I t s  a u t o - c o r r e l a t i o n  f u n c t i o n  i s  shown i n  f i g u r e  4.1(b). The power 
s p e c t r u m  d e n s i t y  S(w) c o u l d  be f o u n d  f ro m  t h e  a u t o - c o r r e l a t i o n  
f u n c t i o n  v i a  th e  W e in e r -K in tch in e  r e l a t i o n s h i p :




(a)  Three l e v e l s  binary s i g na l
4'(t)
(b)  A u t o -c o r r e l a t i o n  f u n c t io n  
4'(t)
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Figure 4.1. Three levels random 
binary code.
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S(w)  ̂ 7 -4 -T 2  [-A/Tfe^^wT + g + 2A/T + e^^wT)
-  A/T + e -  4A/T)
= [Cos 3wT -  2 Cos 2wT -  Cos wT + 2]
■ »  [ ' % 7 r ' '  •  « T ' '  -  ’
The pow er  s p e c t r a l  d e n s i t y  o f  t h i s  t h r e e  l e v e l  s e q u e n c e  w a s  
c a l c u l a t e d  an d  t h i s  i s  shown i n  F i g u r e  4 .2 .  U n l i k e  t h e  pow er  
s p e c t r u m  d e n s i t y  o f  a s t a n d a r d  s p r e a d  s p e c t r u m  t r a n s m i t t e r  w h i c h  
u s u a l l y  h a s  z e r o s  a t  m u l t i p l e s  o f  27t/T ,  i t  a p p e a r s  t o  h a v e  z e r o s  a t  
m u l t i p l e s  o f  tt/T. I f  the  t r a d i t i o n a l  bandwidth  of  s p read  spec trum 
t r a n s m i t t e d  s i g n a l  i s  cons ide red ,  t h a t  i s  2x2ir/T o r  2xR^, where i s  
the  c l o c k  f requency  of the  maximal l e n g t h  p s eu d o -n o is e  sequence,  i t  
i s  found t h a t  t h e  t o t a l  power of  t h e  new developed  t r a n s m i t t e d  s i g n a l  
i s  tw ic e  th e  t o t a l  power of the  s t a n d a r d  t r a n s m i t t e d  s i g n a l  a s  shown 
i n  F ig u r e  4.3. This  i s  no t  s u r p r i s i n g  because t h e  t r a n s m i t t e d  s i g n a l  
l e v e l  i s  a l s o  l a r g e r  ( 2 A r a t h e r  t h a n  A). T h e s e  g r a p h s  a r e  
p a r t i c u l a r l y  im p o r t a n t  because  they show th e  d i s t r i b u t i o n  of  power 
w i t h i n  th e  main  lo b e  of the t r a n s m i t t e d  s ig n a l .
The  m o d i f i e d  r e c e i v e r  w i l l  be e x p l a i n e d  l a t e r  on.  The 
g e n e r a t i o n  o f  t h e  s i g n a l  w h ic h  h a s  t h r e e  l e v e l s  [ + A, 0, -A] i s  
produced i n  t h e  t r a n s m i t t e r  by th e  way shown i n  F ig u re  4 . 4 ( a ) .
The b a s e b a n d  o u t p u t  s i g n a l  ( S j^_2 -  i . e .  Sj^_2” ^ i + l ^  i  8 
g e n e r a t e d  and t r a n s m i t t e d ,  however i n  t h e  r e c e i v e r  only i s  needed 
t o  c o m p l e t e  t h e  r e q u i r e m e n t s  of  t h e  2-A d e l a y  l o c k  l o o p ,  i . e .  t o  
o b t a i n  t h e  d i s c r i m i n a t o r  c h a r a c t e r i s t i c s  of  the  2-A de lay  l o c k  loop .
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(a) Power spectral density
Figure 4.2. Power spectral density of three level 
sequences.
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(b) d i s t r i b u t i o n  o f  power in the main bandwidth o f  a standard  
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( c )  d i s t r i b u t i o n  o f  power in the main bandwidth o f  a three  l e v e l  sequence
F i g u r e  4 . 3 .  P o w e r  d i s t r i b u t i o n  i n
t h e  m a i n  l o b e .
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c lock
genera tor
PN gener a to r
a)  Three l e v e l  sequence gener a to r
b) Seven l e v e l  sequence ge ner a to r






Figure 4.4. Generation of multilevel sequence in 
the transmitter.
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F or  t h e  4-A d e l a y  l o c k  l o o p  t h e  o u t p u t  b a s e b a n d  t r a n s m i t t e d  
s i g n a l  should be S^_2 + -  iS j ^+2 -  Si+2* This s i g n a l  has  seven
l e v e l s ,  3 A, 2 A, A, 0, -A, - 2 A, and - 3 A a s  shown i n  F i g u r e  4 .5 ,  
t o g e t h e r  w i t h  i t s  a u t o - c o r r e l a t i o n  f u n c t i o n .
The pow er  s p e c t r u m  d e n s i t y  S(w) o f  t h i s  s i g n a l  i s  a l s o  f o u n d  
frcxn the  a u t o - c o r r e l a t i o n  f u n c t i o n  a s :
jSojT
S ( < J )  =  - i _  [0 .25  A /T (e J " te  5 A /T (e j^ " te  j^ “'^)+0.75A/T(e
= [0 .2  COS&K+0.4 Cos 2oiT+0.6 Cos 3wT
2 oi T
+ 0 .8  Cos 40)1-0.8 Cos 5WT-1.2]
.  -  ■ • ( s y f i ) ’]
The power spec trum d e n s i t y  S(w), of t h i s  seven l e v e l  s i g n a l  i s  shown 
i n  F i g u r e  4.6(a) .  Again, t h i s  shows t h a t  th e  power spec trum d e n s i t y  
h a s  z e r o s  a t  m u l t i p l e s  o f  it/ 2 T ,  an d  t h e  t o t a l  p ow er  i n  t h e  m a in  
b a n d w i d t h ,  i . e .  2xRq, t h i s  t i m e  i s  2.5 t i m e s  t h e  t o t a l  pow er  o f  t h e  
t r a d i t i o n a l  sp read  spec trum s i g n a l ,  a s  shown i n  F ig u re  4.6(b), which  
a l s o  shows t h e  d i s t r i b u t i o n  of  the  power w i t h i n  t h e  main  loop.
The o u t p u t  s i g n a l  i s  p r o d u c e d  i n  t h e  t r a n s m i t t e r  by t h e  
s t r u c t u r e  shown i n  F i g u r e  4 .4 (b ) .  The b a s e b a n d  o u t p u t  s i g n a l  (Sj^+ 
i .e.  S i_ 2+ t r a n s m i t t e d ,  and i n
t h e  r e c e i v e r  t h i s  s i g n a l  i s  c o r r e l a t e d  o r  m u l t i p l i e d  o n l y  by one 
s i n g l e  sequence S^.
-  2 2 6  -
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a) Seven l e v e l s  sequence
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Figure 4.5. Seven levels random binary 
code.
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a) Power spec t ra l  d e n s i ty
b) D i s t r ib u t i o n  o f  power in the main bandwidth
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Figure 4.6. Power spectral density of 
seven levels sequence.
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4 . 1 . 4  U t i l i s a t i o n  o f  M u l t i - l e v e l  Sequences  i n  t h e  Delay Lock Loop
The m o d i f i e d  o u t p u t  t r a n s m i t t e d  s i g n a l  w h i c h  h a s  j u s t  been  
d e s c r ib e d ,  now no lo n g e r  r e q u i r e s  t h e  s e v e r a l  s e p a r a t e  c o r r e l a t i o n s  
i n  the  delay  l o c k  loop.  This  i s  because p a r t  of t h i s  de lay  l o c k  lo o p  
h a s  b e e n  t r a n s f e r r e d  f ro m  t h e  r e c e i v e r  t o  t h e  s p r e a d  s p e c t r u m  
t r a n s m i t t e r .  This  i s  p o s s i b l e  because  the  s p r e a d - s p e c t ru m  system i s  
l i n e a r .
F i g u r e  4 . 7 ( a )  sh o w s  a m o d i f i e d  d e l a y  l o c k  l o o p  c a p a b l e  o f  
a c h i e v i n g  s y n c h r o n i s a t i o n  an d  m a i n t a i n  t r a c k i n g  f o r  e i t h e r  o f  t h e  
t r a n s m i t t e d  s i g n a l s  d e s c r i b e d  i n  F i g u r e  4 . 4 ( a ) ,  f o r  2-A d e l a y  l o c k  
l o o p ,  o r  F i g u r e  4 .5 (b ) ,  f o r  4-A d e l a y  l o c k  l o o p .  As i t  i s  s e e n  f r o m  
t h e  f i g u r e ,  t h e  l o o p  h a s  o n l y  one m u l t i p l i e r ,  one l o o p  f i l t e r ,  one 
v o l t a g e  c o n t r o l l e d  o s c i l l a t o r ,  and one l o c a l  code g e n e r a t o r ,  and h a s  
t h e  s t r u c t u r e  of  a 0 ia se  l o c k  lo o p  w i t h  th e  e x c e p t io n  of  t h e  type  of 
s i g n a l  used  i n  each loop .
For t h e  2-A de lay  l o c k  lo o p  t h e  r e c e i v e d  s i g n a l  
c o r r e l a t e d  w i t h  a s i n g l e  l o c a l  code sequence t o  
produce t h e  2-A N-shaped e r r o r  curve  needed t o  c o n t r o l  t h e  c l o c k  of  
th e  v o l t a g e  c o n t r o l l e d  o s c i l l a t o r  a s  shown i n  F ig u re  4.7(b).
For t h e  4-A de lay  lo c k  lo o p  t h e  r e c e i v e d  s i g n a l  
^^i-2'*'è ^ i - l “ i ^ i + l “ ^i+2'*‘^^^^^ i s  s l s o  c o r r e l a t e d  w i t h  a s i n g l e  l o c a l  
code  s e q u e n c e  t o  p r o d u c e  t h e  4-A N -s h a p e d  e r r o r  c u r v e  n e e d e d  a s  
shown i n  F i g u r e  4 .7 (b ) .
The n o i s e  t e r m  n ( t )  i s  a l s o  m u l t i p l i e d  by a s i n g l e  l o c a l  code  
sequence  and s p read  over  wide bandwidth and removed by the  narrow 
band l o o p  f i l t e r ,  which a l s o  d e t e r m in e s  t h e  dynamic behav iour  and t h e  
c o n s t a n t  p a r a m e t e r s  of  t h e  l o o p ,  s u c h  a s  l o o p  b a n d w i d t h ,  n a t u r a l
-  2 2 9  -
r e ce i v ed  s i g na l
i+1
i+1 i+2
a) mod i f i ed  de la y  lock loop
i )  2 - A(Three  l ev e l  r e ce i ved  s i g n a l )  
i i )  4 -  A (S ev en  l ev e l  r ece i ved  s i g n a l )
VCXO
loop 
f i 1 t e r




u  Y ( t )
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b) N-shape error  curves .
F i g u r e  4 . 7 .  S i m p l i f i e d  d e l a y  l o c k  l o o p
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f requency  of the  loop,  loop  g a i n  . . .  e t c .
I t  i s  a l s o  c l e a r  t h a t  w i t h o u t  any change i n  the s im p le  s t r u c t u r e  
o f  t h e  l o o p ,  i t  i s  a l s o  p o s s i b l e  t o  c h a n g e  f rom  t h e  2-A t o  t h e  4-A 
l o o p  i n  the  r e c e i v e r  or  v i c e  v e r s a  s im ply  by add ing  and s u b t r a c t i n g  
th e  r e q u i r e d  advanced a n d /o r  de layed  c o p i e s  of  th e  PN sequence t o  t h e  
t r a n s m i t t e d  s ig n a l  w i t h i n  t h e  t r a n s m i t t e r .  And t h i s  i s  an  ad v an tag e  
when t h e  s y n c h r o n i s a t i o n  o r  t h e  a c q u i s i t i o n  t i m e  i s  n e e d e d  t o  be 
s h o r t ,  or  i n  the  case  where an  i m p o r t a n t  message i s  t o  be t r a n s m i t t e d  
or  under high i n t e r f e r e n c e  s ig n a l  or h igh  Doppler  s h i f t  e f f e c t ,  where 
th e  improved a c q u i s i t i o n  t ime of th e  4-A l o o p  when used i n  n o i s e  can 
be f u l l y  e x p lo i t e d .
4 . 1 . 5  Exper imenta l  Im p lem en ta t ion  o f  t h e  New System and t h e  R e s u l t s
The s y s t e m  i s  d i v i d e d  i n t o  two p a r t s .  The f i r s t  p a r t  i s  t h e  
t r a n s m i t t e r ,  i n  w h ic h  t h e  m u l t i - l e v e l  s e q u e n c e  i s  g e n e r a t e d  and  
t r a n s m i t t e d  w h i l e  the second p a r t  i s  th e  r e c e i v e r ,  i n  which a s im p le  
de lay  l o c k  lo o p  i s  e s t a b l i s h e d  f o r  s y n c h r o n i s a t i o n  and t r a c k i n g .
In  the  t r a n s m i t t e r  a  maximal l e n g t h  sequence g e n e r a t o r  p roduces  
a sequence of  1023 b i t s  l e n g t h  c locked  a t  1 M b s" \  I t s  e x p e r i m e n t a l  
pow er  s p e c t r a l  d e n s i t y  i s  shown i n  F i g u r e  4.8.  The m a i n  l o b e  h a s  a  
bandwidth of  twice t h e  c lo c k  f r e q u e n c y ,  i . e .  2xlMbs*^
The t h r e e  l e v e l  s e q u e n c e  n e e d e d  t o  p r o d u c e  2-A DLL 
c h a r a c t e r i s t i c s ,  i .e.  I s  produced i n  t h e  t r a n s m i t t e r  by
t h e  s t r u c t u r e  shown i n  F i g u r e  4 . 7 ( a ) ,  a n d  p a r t  of  t h i s  s e q u e n c e  i s  
shown i n  F ig u re  4 . 9 ( a ) .
The expe r im en ta l  power s p e c t r a l  d e n s i t y  of  th e  baseband s i g n a l  
i s  shown i n  F igu re  4.9(b). Th is  e x p e r i m e n t a l  power s p e c t r a l  d e n s i t y  
i s  s e e n  t o  be i d e n t i c a l  t o  t h a t  c a l c u l a t e d  i n  t h e  e a r l i e r  s e c t i o n .
S(w) dB 
10 dB/div .
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b) Power sepc t rum d e n s i t y .
Figure 4.9. Experimental waveform of three 
levels sequence.
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I t  a l s o  shows  z e r o  v a l u e s  a t  e v e r y  ^ 2 / 2 , t h a t  i s  0, 0 .5 ,  1, 1.5 . . .  
Mbs“ ^. This  s ig n a l  i s  t r a n s m i t t e d  t o  a 2-A del  ay l o c k  lo o p  r e c e i v e r .
However ,  f o r  t h e  s i g n a l  t r a n s m i t t e d  t o  a 4-A d e l a y  l o c k  l o o p  
r e c e i v e r ,  a n o t h e r  two s e q u e n c e s  a r e  i n v o l v e d  w i t h  t h e  t h r e e  l e v e l  
s i g n a l  i n  accordance  w i th  th e  s t r u c t u r e  of  F ig u r e  4.4(b). A p o r t i o n  
of t h i s  seven l e v e l  r e s u l t a n t  t r a n s m i t t e d  s i g n a l  i s  shown i n  F ig u re  
4 . 1 0 ( a ) ,  w h ich  c o n s i s t  o f  7 .5 ,  5,  2 .5 ,  0, - 2 . 5 ,  - 5 ,  and - 7 .5  v o l t s .  
I t s  e x p e r im e n ta l  power s p e c t r a l  d e n s i t y ,  shown i n  F ig u re  4.10(b), i s  
a l s o  i d e n t i c a l  to  t h a t  c a l c u l a t e d  and shown i n  F ig u re  4.6(a) .  I t  has  
z e r o  v a l u e s  a t  i . e .  0, 0.25,  0.5,  0 .75 ,  1 .0  . . .  Mbs“ ^.
As i t  i s  seen  i n  t h e  e a r l i e r  s e c t i o n ,  t h e  de lay  l o c k  lo o p  i n  t h e  
r e c e i v e r  i s  q u i t e  s imple.  The same s t r u c t u r e  shown i n  F ig u re  4.7 i s  
i m p l e m e n t e d  h e r e .  A s i m p l e  m u l t i p l i e r  i s  u s e d  a s  a c o r r e l a t o r  f o r  
b o t h  2-A and 4-A d e l a y  l o c k  l o o p .  I n  t h e  e x p e r i m e n t s  t h e  n a t u r a l  
f r e q u e n c y  of  t h e  l o o p  w as  t a k e n  t o  be 1 r a d  s “ ^, and t h e  d a m p in g  
f a c t o r  i s  0.707. Of course ,  the  l o c a l  code g e n e r a t o r  i s  i d e n t i c a l  t o  
t h e  t r a n s m i t t e d  one ,  and t h e  s e q u e n c e  l e n g t h  i s  1023 b i t s ,  c l o c k e d  
f ro m  t h e  v o l t a g e  c o n t r o l l e d  c r y s t a l  o s c i l l a t o r  a t  a  f r e q u e n c y  o f
1 .000002  Mbps f o r  t h e  2-A l o o p  and  1 .000004  Mbps f o r  4-A l o o p  t o  
ach ieve  the  necessa ry  sequence s e a r c h  r a t e s .
The e x p e r i m e n t a l  N - s h a p e d  e r r o r  c u r v e s  f o r  2-A and  4-A d e l a y  
l o c k  l o o p  a r e  shown i n  F i g u r e  4 . 1 1 (a )  and  (b)  r e s p e c t i v e l y .  T h e s e  
c u r v e s  a r e  p l o t t e d  by o p e n i n g  t h e  d e l a y  l o c k  l o o p  an d  w i t h  a s l i g h t  
o f f s e t  between the  r e c e i v e d  and th e  l o c a l  f r equency ,  and s t o r e d  by a 
N i c o l e t  d i g i t a l  s t o r a g e  o s c i l l o s c o p e .
The maximum s l i p p i n g  r a t e  of  t h i s  2-A de lay  l o c k  lo o p  was found 
to  be the  same a s  f o r  the s t a n d a rd  2-A lo o p  d e s c r ib e d  e a r l i e r ,  and i t  
i s  e q u a l  to  t w i c e  t h e  n a t u r a l  f r e q u e n c y  o f  t h e  l o o p  (2x3^ ) .  The
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a)  Exper imenta l  seven l e v e l s  s equence
b) I t s  expe r ime n t a l  power s p e c t r a l  d e n s i t y .
S(w)dB
lOdB/div.
à  A i .  lAiidll
- 2
Figure 4.10. Experimental waveforms of 
the seven levels sequence
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a) 2-A DLL
b) 4-A DLL
Figure 4.11. Experimental N-shape 
error curves.
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a c q u i s i t i o n  t r a j e c t o r i e s  a r e  shown i n  F ig u re  4.12(a,b,  c),  under t h r e e  
c o n d i t i o n s .  The f i r s t  t r a j e c t o r y  i n  (a) i s  f o r  a pure  i n p u t  s i g n a l .  
The second t r a j e c t o r y  i n  (b) where a w e ig h t  G auss ian  n o ise  s ig n a l  
was added t o  the  r e c e i v e d  s ig n a l  such t h a t  the  s ig n a l  t o  n o i s e  r a t i o  
w a s  - 3 0 . OdB. I n  (c) t h e  s i g n a l  t o  n o i s e  r a t i o  w as  d e c r e a s e d  t o  i t s  
minimum v l u e  o f  - 3 5 .0  dB w i t h o u t  a f f e c t i n g  t h e  v a l u e  o f  maximum 
a l l o w a b l e  s l i p p i n g  r a t e .  The n o i s e  and  t h e  s i g n a l  pow er  s p e c t r a l  
d e n s i t y  w e r e  shown i n  F i g u r e  4 . 1 3 ( a , b )  f o r  SNR - 3 0 . 0  and  -35dB 
r e s p e c t i v e l y .  N o te . No ACC is used in th e  receiver.
All the  a c q u i s i t i o n  t r a j e c t o r i e s  have  c lo c k w ise  movement, s in c e  
when è i s  g r e a t e r  th a n  z e r o  e must  i n c r e a s e ,  w he reas  when Ê i s  l e s s  
t h a n  z e r o  e m u s t  d e c r e a s e .  C l e a r l y  t h e s e  a c q u i s i t i o n  t r a j e c t o r i e s  
a r e  i d e n t i c a l  t o  those  o b t a i n e d  p r e v io u s l y  d i s c u s s e d  i n  Chapter  Three 
f o r  th e  " t ru e "  2A and 4 A lo o p s  and a l s o  those  by S p i l k e r  [1 ] ,  N ie l s e n  
[ 2 ] ,  and  D a v i e s  and  A l -R aw as  [ 3 ] .  A l th o u g h  t h e  a c q u i s i t i o n  
t r a j e c t o r i e s  a r e  u s e f u l  i n  t h e  u n d e r s t a n d i n g  o f  t h e  a c q u i s i t i o n  
p ro c e s s  of a  code t r a c k i n g  loop ,  they y i e l d  no i n f o r m a t i o n  ab o u t  the  
t i m e  t a k e n  t o  s e t t l e  o u t  t h e  t i m i n g  e r r o r  t o  a  s m a l l  v a l u e .  An 
i m p o r t a n t  s e t  o f  r e s u l t s  w e r e  o b t a i n e d  on t h e s e  d e l a y  l o c k  l o o p s .  
These w ere  th e  maximum a l l o w a b l e  s ea rch  r a t e  or s l i p p i n g  r a t e  from 
w h ic h  a c q u i s i t i o n  o f  l o c k  c o u l d  be o b t a i n e d  u n d e r  b o th  n o i s e  f r e e  
c o n d i t i o n s  and low s ig n a l  to  n o i s e  r a t i o  c o n d i t io n s .
The maximum s l i p p i n g  r a t e  of  t h e  s i m p l e  4 h  ̂ d e l a y  l o c k  l o o p  
u s in g  t h e  c onven t iona l ,  m u l t i - a r m  c o r r e l a t o r  was found t o  be t h e  same 
a s  t h a t  p r e d i c t e d  t h e o r e t i c a l l y ,  w h i c h  i s  e q u a l  t o  4x t h e  n a t u r a l  
f r e q u e n c y  of  t h e  l o o p  (4 x S^) .  The a c q u i s i t i o n  t r a j e c t o r i e s  a r e  
shown i n  F i g u r e  4.14 (a,  b , c )  f o r  (a )  p u r e  i n p u t  s i g n a l ,  (b)  s i g n a l  
t o  n o i s e  r a t i o  equal  to -27 .0  dB, and (c) minimum a l l o w a b l e  s i g n a l  to
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a) 2-A, (S.   ̂ - S ) and W.G. Noi se ,  SNR = -30dB










F i g u r e  4 . 1 3
f(MHz)
Measurements of signal to 
noise ratio by spectrum 
analyser.
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c) 4-A, (S.   ̂ + 45 .  , -  45.  - 5. and W.G. n o i s e ,  SNR = -27dB
1-2 1-1 1 + 1 i +2
d) 4-A, (S.   ̂ + 45.  , - 45 .  -  S.  ) and W.G. n o i s e ,  SNR = -30dB
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n o i s e  r a t i o  of  -30 .0dB w h ich  p e r m i t  l o c k - o n  a t  s l i p  r a t e  e q u a l  t o  
These  power s p e c t r a l  d e n s i t i e s  of  t h e  s i g n a l  and  n o i s e  w e r e  
shown i n  F i g u r e  4.13 ( o ,d )  r e s p e c t i v e l y .  Of c o u r s e  t h i s  d e l a y  l o c k  
lo o p  pe rm i t s  d i s p la cem e n t  o f  ±2A between the  r e c e i v e d  s ig n a l  and the  
l o c a l l y  g e n e r a t e d  sequence .
F or  t h e  4 - A d e l a y  l o c k  l o o p ,  i t  i s  a l s o  p o s s i b l e  t o  s h a r e  t h e  
c o m p l e x i t y  b e t w e e n  t h e  t r a n s m i t t e r  a n d  t h e  r e c e i v e r .  F i g u r e  4.15  
sh o w s  a n  a l t e r n a t i v e  4-A s y s t e m .  The o u tp u t  t r a n s m i t t e d  s i g n a l  i n  
t h i s  case  i s :
S i  + + S i_2 or i t  could  be w r i t t e n  a s :
S i+ i  + -  Si_2
T h i s  i s  a s i x  l e v e l  s i g n a l  whose  a u t o c o r r e l a t i o n  f u n c t i o n  i s  
shewn i n  F ig u r e  4 . 1 6 ( a ) .
I n  t h e  r e c e i v e r ,  t h i s  s i x  l e v e l  s i g n a l  c a n  now be c o r r e l a t e d  
w i t h  ( S r _ i  -  Sp+i)  i n s t e a d  o f  t o  p r o d u c e  t h e  4-A w i d e  N - s h a p e
e r r o r  curve,  as  f o l l o w s :
L e t  t h e  c o r r e l a t i o n  between two sequences  and be deno ted  by 
S i ' S r '
e r r o r  cu rve  = + &S^ + * (Sp_i  -  S ^ ^ )
= * Sp_i  + i  3^ » Sp_i + Sj^+i » -
S i -1  * ^r+1 -  &Si * ^r+1 “ ^i+1 * ^ r f l )
The c o r r e l a t i o n  of  t h e  f i r s t  t e r m  i s  i d e n t i c a l  t o  t h e
c o r r e l a t i o n  f u n c t i o n  of  th e  l a s t  te rm * ^r+1* th e s e  t e rm s
cancel  each  o t h e r .  Hence:
error curve = * 3^.1 + •  Sp_i -  èS^ •  -
Si-1  •  S „ i )  ‘>■7








a)  Transmi t ter  ( s i x  I v e l s  sequence g e n e r a t o r ) .
b) Rëce iver  (4-A delay  lock loop)




F i g u r e  4 . 1 5 .  A l t e r n a t i v e  4 - A  s y s t e m .
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The e r r o r  curve  produced h e r e  i s  e x a c t l y  the  same as  t h e  one produced 
e a r l i e r  f o r  t h e  4 - A d e l a y  l o c k  l o o p .  T h e r e f o r e  t h e  a c q u i s i t i o n  
t r a j e c t o r i e s  s h o u l d  a l s o  be e x a c t l y  t h e  same.  The m a i n  a d v a n t a g e  
o b t a i n e d  by t h i s  m o d i f i c a t i o n  i s  t h a t  w i t h o u t  any c h a n g e s  t o  t h e  
o r i g i n a l  s t a n d a r d  2 - A d e l a y  l o c k  l o o p  d i s c u s s e d  e a r l i e r  i n  Chapte r  
Three,  which employs only two l o c a l l y  g e n e ra te d  sequences  &nd
^i-1» t h i s  l o o p  can now g e n e r a t e  a 4-A wide N-shape e r r o r  curve  i f  i t  
i s  used  t o  r e c e i v e  t h i s  new s i x  l e v e l  t r a n s m i t t e d  s i g n a l .  Of cou rse ,  
a s  a  r e s u l t ,  t h e  new maximum i n i t i a l  s e a r c h  r a t e  c o u l d  now be 
i n c r e a s e d  t o  4.0%% i n s t e a d  o f  2.0w%.
The pow er  s p e c t r a l  d e n s i t y  o f  t h e  new s i x  l e v e l  t r a n s m i t t e d  
s i g n a l  can be c a l c u l a t e d  from t h e  a u t o - c o r r e l a t i o n  f u n c t i o n  o f  t h e  
s i g n a l  (shown i n  F ig u re  4.16(a))  a s  f o l l o w s :
= •"2'^ 'rp [2 Cos 3%T -  2 Cos 2%T + 2 .5  Cos %T -  2 . 5 ]  J % T
= AT
The c a l c u l a t e d  power s p e c t r a l  d e n s i t y  of t h i s  s i g n a l  i s  shown i n  
F i g u r e  4.19* The t o t a l  pow er  i n  t h e  m a i n  b a n d w i d t h  i . e .  2 x f ^  i s  
shown t o  be equal  t o  2.35 t i m e s  the  t o t a l  power i n  the  same bandwid th  
of  th e  o r i g i n a l  s t a n d a r d  s p read  spec trum s p e c t r a l  d e n s i t y .  Th is  i s  
shewn i n  f i g u r e  4 . 1 6 ( c ) .
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4 . 2  HIDH PERFORMANCE NEW SPREAD SPECTRUM SYSTEM
4 . 2 . 1  I n t r o d u c t i o n
As seen  e a r l i e r ,  t h e  spread  spec t rum  gystem has  t h e  a b i l i t y  to  
r e j e c t  l a r g e  l e v e l s  of i n t e r f e r e n c e  and a l s o  jamming s i g n a l s ,  due t o
i t s  h igh  p ro c e s s  ga in ,  which has  been d e f in e d  a s :
BŴ
Gp (dB) = 10 l o g j p  gj j-  4.8
When t h e  s e q u e n c e  i s  a m a x im a l  l e n g t h  s e q u e n c e  t h e  m a in  l o b e  
b a n d w i d t h  o f  t h e  pow er  s p e c t r a l  d e n s i t y  h a s  t h e  fo rm  ( s i n  x / x ) ^  i s  
t w ic e  the  c lock  r a t e  of the  code sequence.  Each of the  s i d e l o b e s  h a s  
a bandwidth  from n u l l - t o - n u l l  which i s  equa l  t o  t h e  c l o c k  r a t e .  The 
( s i n  x / x ) 2  d i s t r i b u t i o n  r e s u l t s  i n  r e l a t i v e l y  h i g h  pow er  i n  t h e  
s idebands .  T h e re fo re  t h e  power i n  t h e s e  s ideband  l o b e s  could  cause 
i n t e r f e r e n c e  i n  a d j a c e n t  sp r e a d  spec t rum channe ls  [4 ,5 ] .  In  a d d i t i o n  
t o  t h a t  t h i s  a l s o  d e c r e a s e s  t h e  p r o c e s s  g a i n  by a s m a l l  am oun t  
because n o t  a l l  the  power i s  con f ine d  t o  th e  main  lobe .
p
“ p 7 ^bwT^
1  d
or
SNRout = SNRin - Op '•■9
w h e r e  Gp i s  t h e  p r o c e s s  g a i n ,  P i s  t h e  d e s i r e d  s i g n a l  p ow er ,  P^ i s
the  i n t e r f e r e n c e  power. The e f f e c t i v e  r e d u c t i o n  of  i n t e r f e r e n c e  i s  
BW,
due to  : (— E)
I t  i s  t h e r e f o r e  i m p o r t a n t  t h a t  t h e  t o t a l  pow er  i n  t h e  m a in  
bandwidth should be l a r g e  and the power i n  the s i d e l o b e s  n e g l i g i b l e
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f o r  maximum p rocess  g a i n  and f o r  i n t e r f e r e n c e  r e j e c t i o n .  In  o r d e r  to  
p r e v e n t  e x c e s s  s p e c t r u m  p o l l u t i o n  o n l y  t h e  m a in  l o b e  of  p o w er  
spec t rum d i s t r i b u t i o n  i s  a l lo w e d  t o  be t r a n s m i t t e d ,  and t h e  s i d e l o b e s  
a r e  f i l t e r e d  o u t .  About  10 p e r c e n t  of  t h e  o v e r a l l  b a s e b a n d  s i g n a l  
pow er  i s  c o n t a i n e d  i n  t h e  s i d e l o b e s  a s  shown i n  F i g u r e  4.17» f o r  a 
c o n v e n t io n a l  d i r e c t  sequence  s p r e a d  s p e c t r u m  s y s t e m  u s i n g  m a x im a l  
l e n g t h  s e q u e n c e .  And t h i s  r e p r e s e n t s  a  p o t e n t i a l  l o s s  i n  t h e  
t r a n s m i t t e d  s ig n a l  power.
U s u a l l y  t h e  b a n d w i d t h  of  e v e r y  r e c e i v e r  m u s t  be c o m m e n s u r a t e  
w i t h  th e  i n p u t  s i g n a l  bandwidth.  However, t h i s  bandwidth  i n  s p r e a d  
s p e c t r u m  s y s t e m s  i s  v e r y  w ide .  T h e r e f o r e  t h e  s p r e a d  s p e c t r u m  
r e c e i v e r  h a s  t o  a c c e p t  more  n o i s e  i n  e x a c t l y  t h e  same r a t i o  a s  t h e  
i n c r e a s e  i n  bandwidth.
The b a n d w i d t h  o f  t h e  r e c e i v e r  i s  u s u a l l y  t a k e n  t o  be e q u a l  t o  
t h e  main  lo b e  of the  ( s i n  x /x )^  power s p e c t r a l  d e n s i t y  which  i s  equal  
t o  2 t i m e s  t h e  c lo c k  f requency  of  t h e  s p r e a d in g  code. However, Dixon 
[ 6 ]  s u g g e s t e d  t h a t  by j u d i c i o u s  c h o i c e  o f  t h e  r e c e i v e r  b a n d w i d t h ,  
more of  t h e  p o t e n t i a l  n o ise  t h a n  s i g n a l  i t s e l f  cou ld  be r e j e c t e d ,  and 
produce some gain.  This  i s  i l l u s t r a t e d  i n  F ig u re  4.18, which shows 
t h e  p e r c e n t a g e  o f  t h e  pow er  d i s t r i b u t e d  i n  t h e  m a in  l o b e  an d  t h e  
power of  a w h i t e  n o i s e  c o n s id e re d  t o  be f l a t .
I f  t h e  r e c e i v e r  b a n d w i d t h  i s  k e p t  t o  be e q u a l  t o  t h e  m a i n  l o b e  
bandwidth  i . e .  2 t i m e s  the  c lo c k  r a t e ,  th e  r e c e i v e r  would a c c e p t  a l l  
t h e  no ise  and th e  i n p u t  s i g n a l .  However, i f  th e  r e c e i v e r  bandwidth  
i s  r educed  to  60 p e r c e n t  of  the  main  lo b e  bandwidth,  the  n o i s e  power 
would be reduced  by 40 p e rc e n t ,  w h i l e  t h e  in p u t  s i g n a l  power would be 
r e d u c e d  by o n ly  10 p e r c e n t  of  i t s  o r i g i n a l  po w er ,  and  t h a t  i s













Figure 4.17. Percentage of power versus
frequency of a standard two
levels sequence.
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Figure 4 . 1 9 Block diagram of generating the 
modified spreading pseudonoise
sequence
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c o n s id e r e d  to  be th e  optimum r e d u c t i o n  i n  t h e  r e c e i v e r  bandwidth f o r  
optimum s ig n a l  t o  n o i s e  r a t i o  improvement.
I n  t h e  f o l l o w i n g  s e c t i o n s ,  th e  d e s ig n  and per fo rm ance  of a  new 
s p r e a d  s p e c t r u m  s y s t e m  ( b o th  t h e  t r a n s m i t t e r  and  t h e  r e c e i v e r )  i s  
d e s c r i b e d .  I n  p a r t i c u l a r ,  t h e  a d v a n t a g e  o f  i n c r e a s i n g  t h e  
t r a n s m i t t e r  power  s p e c t r a l  d e n s i t y  f o r  b e t t e r  p r o c e s s  g a i n ,  and  
d e c r e a s i n g  t h e  bandwidth of th e  r e c e i v e r  f o r  a  b e t t e r  s i g n a l  t o  n o is e  
r a t i o  a r e  d i scussed .  Some s t r u c t u r e s  of th e  r e c e i v e r  i n d i c a t e  h ig h  
pe r fo rm ance  from th e  s y n c h r o n i s a t i o n  p o i n t  of  view, by d e c r e a s i n g  t h e  
a c q u i s i t i o n  t im e  of the  de lay  l o c k  lo o p  and i n c r e a s i n g  the  t r a c k i n g  
l i m i t s  a s  w e l l  a s  t h e  D o p p l e r - s h i f t  l i m i t  which keep t h e  system i n  
s y n c h r o n i s a t i o n  and t r a c k i n g  mode. Some new delay  l o c k  l o o p s  ap p ea r  
t o  h a v e  a r a t h e r  s i m p l e  s t r u c t u r e  c o m p a re d  t o  t h e i r  c o r r e s p o n d i n g  
s t a n d a r d  o n es .
4 .2 .2  T ra n s m itte r  M o d if ic a tio n  to  Im prove Spectrum  U t i l i s a t i o n
Some a d v a n t a g e s  can  be g a i n e d  by m o d i f y i n g  t h e  pow er  s p e c t r a l  
d e n s i t y  o f  t h e  t r a n s m i t t e d  s p r e a d  s p e c t ru m  s ig n a l .  By c o n s i d e r i n g  




4'(t) = l i m i t  y f ( t ) f  ( t + T ) d t
T  .̂ oo V
/S(oj) = I Y(T) e d i
i t  i s  s e e n ,  t h a t  t h e  power s p e c t r u m  d e n s i t y  can be m o d i f i e d  by 
modify ing  t h e  a u t o - c o r r e l a t i o n  f u n c t i o n  of  th e  t r a n s m i t t e d  sequence .
T h e r e f o r e ,  i n  t h i s  s e c t i o n ,  w o r k  i s  d e s c r i b e d  on  t h e  
m o d i f i c a t i o n  of  the  t r a n s m i t t e d  s i g n a l  so t h a t  i t  w i l l  g i v e  a b e t t e r  
d i s t r i b u t i o n  of the power s p e c t r a l  d e n s i t y .
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F ig u r e  4.19 shows a b lock  diagram of a method f o r  g e n e r a t i n g  t h e  
m o d i f i e d  s p r e a d i n g  p s e u d o n o i s e  s e q u e n c e .  H ere  t h e  m a x im a l  l e n g t h  
pseudo noi  s e - sequence i s  f i r s t  g e n e r a t e d  by th e  usua l  way v i a  a f e e d ­
b a c k  s h i f t  r e g i s t e r .  Then i t  was  d e l a y e d  by h a l f  b i t ,  an d  a d d e d  t o  
t h e  o r i g i n a l  s e q u e n c e  t o  fo rm  t h e  m o d i f i e d  t h r e e  l e v e l  s i g n a l  
r e q u i r e d  f o r  the new system. The a u t o - c o r r e l a t i o n  f u n c t i o n  of t h i s  
s i g n a l  has  a w id e r  base tha n  th e  o r i g i n a l  s t a n d a r d  one which  i s  equal  
t o  3T i n s t e a d  o f  2T, and i t s  a m p l i tude  i s  t h r e e  t i m e s  h i g h e r  a s  shown 
i n  F i g u r e  4 . 2 0 ( a ) .
The d a t a  could  be modulated  on t h e  pseudonoise  sequence t?y t h e  
same way a s  was d e s c r ib e d  p r e v io u s ly ,  e x c e p t  t h a t  a  modulo-2 adder ,  
h a s  t o  be r e p l a c e d  by a t r u e  analogue m u l t i p l e r  because  of t h e  t h r e e  
l e v e l  sequence now in v o lv e d  i n  the  p rocess .
The new pow er  s p e c t r a l  d e n s i t y  o f  t h e  m o d i f i e d  t r a n s m i t t e d  
s i g n a l  from the  a u t o - c o r r e l a t i o n  f u n c t i o n ,  shown i n  F ig u re  4.22 (b), 
i s :
 ̂ j O - j O .  5g,T  ̂ j
= ^2^%- [Cos 1 . 5û)T + 2 Cos (tiT — Cos 0.5wT -2 ]
j  6Ü T
s , . ,  .
4.12
The pow er  s p e c t r a l  d e n s i t y  i s  c a l c u l a t e d  and  show n i n  F i g u r e  
4 .2 0 (b ) .  The n u l l  t o  n u l l  b a n d w i d t h  o r  t h e  m a in  l o b e  b a n d w i d t h  i s  
a l s o  tw o  t i m e s  t h e  c l o c k  f r e q u e n c y  o f  t h e  f e e d b a c k  s h i f t  r e g i s t e r  
which g e n e r a t e s  the pseudonoise  code sequence which i s  t o  be e x p e c te d
-  2 5 0  -
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a) A u to -c o r r e l a t i o n  fu n c t io n  o f  the  modi f ied 0 . 5 - A  s h i f t  sequence.
Figure 4.20. Modified 0.5-A shift three level
sequence's auto-correlation function 
and its power.
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Figure 4.20 (Continued).
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Figure 4.20 (Continued).
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because  th e  t h r e e  l e v e l  sequence i s  e f f e c t i v e l y  c locked  a t  tw ic e  th e  
r a t e  of the normal sequence.  But he re  the d i s t r i b u t i o n  of  the  power 
s p e c t r a l  d e n s i t y  i s  d i f f e r e n t  f r o m  t h e  s t a n d a r d  one d e s c r i b e d  
e a r l i e r ,  more power  b e i n g  t r a n s f e r r e d  f ro m  t h e  s i d e  l o b e s  t o  t h e  
m a in  l o b e .  I t  i s  c l e a r  f rom  F i g u r e  4 . 2 0 ( c ) ,  t h a t  now o n l y  a b o u t  6 
p e r c e n t  of the  power i s  d i s t r i b u t e d  i n  the s i d e  l o b e s  i n s t e a d  o f  10 
p e r c e n t  f o r  the  s t a n d a rd  one.
T h i s  i n d i c a t e s  t h a t  4 p e r c e n t  m ore  pow er  i s  c o n t a i n e d  i n  t h e  
main  lobe .  This  can be used  t o  improve the s ig n a l  t o  n o i s e  r a t i o  of 
t h e  s p r e a d  s p e c t r u m  s y s t e m .  A n o t h e r  a d v a n t a g e  i s  t h a t  t h e  
i n t e r f e r e n c e  t o  the  a d j a c e n t  channel  i s  a l s o  reduced .
Other advan tages  conce rn ing  t h e  de lay  l o c k  lo o p  i n  t h e  r e c e i v e r  
u s in g  t h i s  type of m u l t i - l e v e l  sequence,  such as ,  i t s  N-shaped e r r o r  
c u r v e ,  a c q u i s i t i o n  t i m e  o r  maximum s e a r c h  r a t e  f o r  t h e  new s i g n a l  
w i l l  be d i s c u s s e d  i n  the  next  s e c t i o n .
4 . 2 . 3  Delay Lock Loop U sing  Modif ied  Sequence
I n  o rd e r  t o  r e c e i v e  th e  m o d i f i e d  t r a n s m i t t e d  s i g n a l  d e s c r i b e d  i n  
t h e  p r e v io u s  s e c t i o n ,  a  m o d i f i c a t i o n  t o  t h e  e x i s t i n g  de lay  l o c k  l o o p  
i s  n e c e s s a r y .  F i g u r e  4.21 shows b l o c k  d i a g r a m s  o f  p o s s i b l e  two 
m o d i f i e d  v e r s i o n s  of  t h e  de lay  l o c k  l o o p s  used  t o  sy n c h ro n i s e  t h e  new 
incoming  s ig n a l .  Only the  c o r r e l a t i o n  c i r c u i t  i s  s l i g h t l y  d i f f e r e n t  
f r o m  t h e  s t a n d a r d  one.  The s t r u c t u r e  of  F i g u r e  4 .21  (b )  h a s  l e s s  
h a r d w a r e  t h a n  t h a t  o f  (a )  b u t  t h e  f u n c t i o n s  o f  b o th  l o o p s  a r e  t h e  
same.
A l th o u g h  t h e  g e n e r a l  s t r u c t u r e  o f  t h i s  d e l a y  l o c k  l o o p  i s  t h e  
same a s  t h e  p r e v i o u s  o n e ,  i t s  t r a c k i n g  r a n g e ,  t h e  N - s h a p e  e r r o r  
c u r v e ,  t h e  s e a r c h  r a t e ,  and m ore  i m p o r t a n t l y ,  t h e  s i g n a l  t o  n o i s e




a) modi f ied de lay lock loop
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Figure 4.21. Block diagram of the modified delay lock loop
i) k = 3 for 2-A delay lock loop,
ii) k = 2.5 for 2-A delay lock loop,
iii) k = 2 for 2-A delay lock loop.
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r a t i o  c a p a b i l i t y  a r e  d i f f e r e n t .  From the  s t r u c t u r e  shown i n  F ig u re
4 .2 1 , t h r e e  d i f f e r e n t  w id th s  of de lay  l o c k  l o o p s  could be e s t a b l i s h e d  
f o r  d i f f e r e n t  t im e  d i s p la c e m e n t  K o f  th e  l o c a l l y  g e n e r a t e d  sequences
and  From (Sj^ and  S , (S^-S^_2  5 )» and  3^ .2^» ^
example,  3 - a» 2 . 5 - A, and 2-A de lay  l o c k  lo o p s ,  r e s p e c t i v e l y ,  cou ld  be 
des igned .
The N - s h a p e d  e r r o r  c u r v e s  o f  t h e s e  l o o p s ,  a r e  shown i n  F i g u r e
4.22. I n  each  of t h e s e  c a s e s  th e  l o c a l l y  g e n e r a t e d  sequence  i s  added 
t o  a 1 / 2  b i t  d e l a y e d  v e r s i o n  o f  i t s e l f  t o  f o rm  t h e  c o r r e l a t i o n  
n e c e s s a r y  t o  d e v e l o p  t h e  e r r o r  c u r v e  w h i c h  i s  r e q u i r e d  i n  a 
p a r t i c u l a r  de lay  l o c k  loop.
The a c q u i s i t i o n  t r a j e c t o r i e s  o f  t h e  3-A, 2 .5 -A ,  and  2-A d e l a y  
l o c k  l o o p  w e r e  c o m p u te d  and  shown i n  F i g u r e  4.23.  The maximum 
s l i p p i n g  r a t e  of th e  3-A loop  was found t o  be equal  to  5.5 t i m e s  t h e  
n a t u r a l  f requency  of th e  loop.  C le a r ly  t h i s  i s  much h ig h e r  th a n  the  
maximum s l i p p i n g  r a t e  of the  s t a n d a r d  4-A de lay  l o c k  l o o p  d e s c r ib e d  
e a r l i e r  w h i c h  h a s  a maximum s l i p p i n g  r a t e  o f  4.0 t i m e s  t h e  n a t u r a l  
f r e q u e n c y  o f  t h e  l o o p .  However ,  f o r  2 .5 -A  d e l a y  l o c k  l o o p  t h e  
maximum s l i p p i n g  r a t e  i s  l e s s ,  an d  i t  i s  e q u a l  t o  3 . 0  t i m e s  t h e  
n a t u r a l  f requency  of  th e  loop.  But,  t h e r e  i s  no advan tage ,  from th e  
maximum s l i p p i n g  r a t e  p o in t  of  view f o r  t h e  m o d i f ied  2-A delay  l o c k  
l o o p ,  a s  i t  i s  r e d u c e d  f ro m  2 .0  f o r  t h e  s t a n d a r d  2-A l o o p  t o  1.7 f o r  
t h e  2 -A m o d i f i e d  lo o p  u s in g  th e  m o d i f i e d  sequence.  However, t h e r e  i s  
a n o t h e r  i m p o r t a n t  a d v a n t a g e  c o n c e r n i n g  t h e  s i g n a l  t o  n o i s e  r a t i o  
which w i l l  be d i s c u s s e d  s h o r t l y .
I t  i s  i m p o r t a n t  t o  s a y  h e r e  t h a t  a l l  t h e s e  a c q u i s i t i o n  
t r a j e c t o r i e s  a r e  computed a c c o r d in g  t o  the  c o n d i t i o n  t h a t  the  s lope
-  2 56 -
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b) 2.5-A
Y ( t )
- 2 1
c)  2-A
F i g u r e  4 . 2 2  M o d i f i e d  N - s h a p e  e r r o r  c u r v e
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o f  t h e  e r r o r  c u r v e s  i s  xl  n e a r  t h e  o r i g i n  ( i . e .  when t h e  t i m e  
d i s p l a c e m e n t  e i s  s m a l l )  [ 2 ] ,  an d  t o  e n s u r e  t h a t  t h e  same g a i n  a t  
E= 0 i s  used f o r  a l l  th e  v a r i o u s  d i s c r i m i n a t o r  c h a r a c t e r i s t i c s  d u r in g  
computat ion.  This  e x p l a i n s  why the  maximum s l i p p i n g  r a t e  of th e  l a s t  
de lay  l o c k  lo o p  has  dropped t o  1.7»
I t  i s  a l s o  p o s s i b l e  t o  r e c e i v e  t h e  new t r a n s m i t t e d  s i g n a l  
w i t h o u t  any m o d i f i c a t i o n  t o  t h e  s t a n d a r d  2 DLL. T h i s  i s  shown i n  
f i g u r e  4.24. I t  was found t h a t  a h ig h e r  maximum s l i p p i n g  r a t e  could 
be ach iev ed  w i th  the new m u l t i - l e v e l  t r a n s m i t t e d  s ig n a l .  Th is  was 
f o u n d  t o  h a v e  a maximum s e a r c h  r a t e  o f  3*3 t i m e s  t h e  n a t u r a l  
f r e q u e n c y  of  t h e  l o o p  i n s t e a d  o f  o n l y  2 .0 ,  a s  shown i n  F i g u r e  
4 . 2 4 ( c ) .
I t  i s  w or th  n o t i n g  t h a t  th e  N-shape e r r o r  cu rve  f o r  
t h i s  2-A delay  l o c k  lo o p  h a s  a f l a t  to p  and bottom peaks o f  w id th  
1 / 2 A  ea c h ,  and t h e  a c t u a l  t r a c k i n g  r a n g e  i s  bew een  + A a s  shown i n  
F i g u r e  4 .24 (b ) .
To c o n s t r u c t  a 1-A d e l a y  l o c k  l o o p  w o r k i n g  w i t h  t h e  new 
t r a n s m i t t e d  s i g n a l ,  o n l y  one  l o c a l l y  g e n e r a t e d  r e f e r e n c e  i s  t a k e n  
f ro m  t h e  p s e u d o - n o i s e  g e n e r a t o r  and  t h e n  s u b t r a c t e d  f r o m  a 1 / 2  b i t  
de layed  v e r s i o n  of i t s e l f .  The r e s u l t a n t  s ig n a l  i s  then  m u l t i p l i e d  
by th e  r e c e i v e d  s i g n a l  to  develop  t h e  e r r o r  curve  needed, a s  shown i n  
F igu re  4.25(b). This  t ime,  e x a c t l y  the same e r r o r  cu rve  i s  developed 
w h ic h  i s  s i m i l a r  t o  a s t a n d a r d  1 -A  l o o p  w o r k i n g  w i t h  a s t a n d a r d  
b ina ry  maximal sequence.  The same a c q u i s i t o n  t r a j e c t o r y  i s  th u s  t o  
be e x p e c t e d  w i h  a maximum s l i p p i n g  r a t e  o f  1 .0  t i m e s  t h e  n a t u r a l  
frequency  of the  loop,  and c o n f i g u r a t i o n  of t h i s  i s  shown i n  F ig u re  
4 . 2 5 ( c ) .
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a) Block diagram
b) 2 - A N-shape error  curve .
c )  A c q u i s i t i o n  t r a j e c t o r i e s
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Figure 4 . 2 4 .  Alternative 2 - A  modified
delay lock loop.
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b) 1- N-shape error  curve
c)  A c q u i s i t i o n  t r a j e c t o r i e s
-3 - 2
-2
F i g u r e  4 . 2 5 .  A l t e r n a t i v e  1-A m o d i f i e d
d e l a y  l o c k  l o o p .
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The f i n a l  d e l a y  l o c k  l o o p ,  t o  be c o n s i d e r e d  i n  t h i s  s e c t i o n  i s  
the o r i g i n a l  s t a n d a r d  1-A delay  l o c k  loop,  but  t h i s  t im e  i t  i s  to  be 
used  t o  r e c e i v e  th e  new m u l t i - l e v e l  t r a n s m i t t e d  s i g n a l .  In  f a c t  i t  i s  
f o u n d  t h a t  t h i s  l o o p  f o r m s  a 1.5-A d e l a y  l o c k  l o o p  h a v i n g  a n  e r r o r  
c u r v e  t r a c k i n g  r a n g e  of  1.5 A , a s  shown i n  F i g u r e  4 .26 .  A l th o u g h  
t h i s  lo o p  shows a r e d u c t i o n  of the  maximum s l i p p i n g  r a t e  by 0.1 i .e .  
i t s  maximum l i m i t  i s  0.9 i n s t e a d  o f  1 .0  f o r  t h e  s t a n d a r d  1-A lo o p .  
But c e r t a i n l y  t h i s  l o o p  h a s  a w id e r  t r a c k i n g  range  and a b e t t e r  n o i s e  
r e j e c t i o n  c a p a b i l i t y  which would make i t  u s e f u l  i n  a p p l i c a t i o n s  w here  
t h e r e  i s  v e r y  h i g h  D o p p le r  s h i f t ,  o r  w h e r e  t h e  n o i s e  l e v e l  i s  h i g h  
which w i l l  cause t h e  normal lo o p s  t o  l o s e  l o c k  p r e m a tu re l y  because  of 
th e  l i m i t e d  range  of de lay  e r r o r  where  l o c k  may be ach ieved .
F i n a l l y  we come t o  a v e r y  i m p o r t a n t  a d v a n t a g e  c o n c e r n i n g  t h e  
r e c e i v e r  w h i c h  u s e d  any o f  t h e  d e l a y  l o c k  l o o p s  d i s c u s s e d  i n  t h i s  
s e c t i o n ,  and t h a t  i s  t h e  s i g n a l  to  no ise  r a t i o  improvement.  As i t  i s  
d e s c r ib e d  p r e v io u s ly ,  the  bandwidth of the  r e c e i v e r  i s  u s u a l l y  t a k e n  
t o  be equal  to  t h e  main lo b e  of th e  ( s i n  x /x )^  power s p e c t r a l  d e n s i t y  
which i s  equal  t o  2 t i m e s  the c lock  f requency  of the  pseudono ise  code 
s e q u e n c e .  But t h i s  i s  n o t  n e c e s s a r i l y  t o  be t h e  b e s t  c o n d i t i o n  a s  
Dixon [6]  h a s  found.  I f  the  bandwidth of t h e  r e c e i v e r  was r e d u c e d  to  
60 p e r c e n t  of  t h e  m a in  l o b e  b a n d w i d t h ,  t h e  n o i s e  pow er  w o u l d  be 
reduced  by 40 pe rc e n t ,  w h i l e  the  i n p u t  s i g n a l  power would be reduced  
o n ly  by 3 p e r c e n t  i n s t e a d  o f  t h e  10  p e r c e n t  f o r  t h e  o r i g i n a l  i n p u t  
power of  a s t a n d a rd  s ig n a l .  A f u r t h e r  r e d u c t i o n  i n  the  bandwid th  of 
t h e  r e c e i v e r  t o  50 p e r c e n t ,  c a u s e s  a d r o p  i n  t h e  i n p u t  s i g n a l  pow er  
o n ly  by 7.5 p e r c e n t  w h i c h  i s  s t i l l  b e t t e r  t h a n  t h e  10 p e r c e n t  
r e d u c t i o n  o f  i n p u t  s i g n a l  pow er  c o r r e s p o n d i n g  t o  r e d u c t i o n  o f  60
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p e r c e n t  i n  bandwidth f o r  the  o r i g i n a l  s t a n d a r d  system. Th i s  i s  shown 
i n  F i g u r e  4.27.
Other  m u l t i - l e v e l  sequence s t r u c t u r e s  have been cons ide red .  For 
example,  the  p o s s i b i l i t y  of s u b t r a c t i n g  th e  h a l f  b i t  de layed  v e r s i o n  
o f  t h e  s e q u e n c e  f r o m  i t s e l f  r a t h e r  t h a n  a d d i n g  them t o g e t h e r .  The 
r e s u l t i n g  s i g n a l  (S^ -  has  a l s o  t h r e e  l e v e l s  +5, 0, -5 v o l t s .
U n l ike  p r e v i o u s l y  d i s c u s s e d  m u l t i l e v e l  sequences  i t  ha s  no ad v a n ta g e s  
f r o m  e i t h e r  t h e  r e c e i v e r  o r  t h e  t r a n s m i t t e r  p o i n t  o f  v i e w .  The 
i m p o r t a n t  r e s u l t s  under  i n v e s t i g a t i o n  h e r e  a r e  shown i n  F i g u r e  4.28. 
The t o t a l  p ow er  i n  t h e  m a in  b a n d w i d t h  (2 x f ^ )  i s  l e s s  t h a n  t h a t  o f  
t h e  s t a n d a r d  s p r e a d  s p e c t r u m  s i g n a l .  I t  a l s o  a p p e a r s  t o  h a v e  
c o n s i d e r a b l e  am oun t  of  pow er ,  a b o u t  20 p e r c e n t ,  d i s t r i b u t e d  i n  t h e  
s i d e  l o b e s ,  and a s  a  c o n s e q u e n c e  t h e r e  w i l l  be no a d v a n t a g e  i n  
r e d u c i n g  th e  bandwidth of  th e  r e c e i v e r  t o  improve the  s i g n a l  t o  n o i s e  
r a t i o ,  a s  above. The only de lay  l o c k  l o o p  found t o  r e c e i v e  t h i s  type 
of s i g n a l  i s  the  0 . 5 - A delay  l o c k  l o o p  which  g e n e r a t e s  a  s i n g l e  l o c a l  
code sequence Sj, and c o r r e l a t e s  i t  w i th  t h e  r e c e i v e d  s i g n a l  
(S i  -  Sj^_o.5^* I t s  N-shape e r r o r  cu rve  i s  shown i n  F ig u re  4.28(e).
4 .3  OTHER POSSIBLE SYSTEMS
I n  t h i s  s e c t i o n  some i d e a s  of  c o n s t r u c t i n g  an  a l t e r n a t i v e  4-A, 
2-A, an d  1-A.delay  l o c k  l o o p s  a r e  g i v e n .  Some a d v a n t a g e s  a s  w e l l  a s  
d i s a d v a n t a g e s  were  o b ta in e d  a s  a r e s u l t  of  th e s e  s t r u c t u r e s .
i )  A n o t h e r  s t r u c t u r e  o f  4-A d e l a y  l o c k  l o o p  c o u l d  be o b t a i n e d  by 
t r a n s m i t t i n g  t h e  s i g n a l  (Ŝ  ̂ + S ^ + i ) .  I t s  a u t o c o r r e l a t i o n  f u n c t i o n  
and  t h e  pow er  s p e c t r a l  d e n s i t y  a r e  shown i n  f i g u r e  4.29.  The t o t a l  
pow er  i n  t h e  m a in  b a n d w i d t h  i . e .  2 x f ^  i s  a b o u t  t w i c e  t h a t  o f  t h e  
s t a n d a r d  one. But the power h a s  z e r o s  a t  m u l t i p l e s  o f  it/ 2A i n s t e a d
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o f  -n/A. I n  t h e  r e c e i v e r ,  t h e  r e c e i v e d  signal ( S i + S i + i )  i s  c o r r e l a t e d  
w i t h  ( S i _ 2+ S i _ i  -  S i+ 2  -  S i+ g )  t o  d e v e l o p  t h e  N -sh a p e  e r r o r  c u r v e  
n e e d e d  a s  shown i n  F i g u r e  4.29 .  C l e a r l y  t h e  s t r u c t u r e  o f  t h i s  4-A 
de lay  l o c k  loop  i s  s l i g h t l y  s im p l e r  than  the  s t a n d a rd  4-A lo o p  s i n c e  
t h e  two l o c a l l y  g e n e r a t e d  sequences  and not  m u l t i p l i e d
by t h e  s c a l e  f a c t o r  1 /2 .  A lso  t h e  N - s h a p e  e r r o r  c u r v e  i s  s l i g h t l y  
d i f f e r e n t  f r o m  t h e  t r a d i t i o n a l  one,  w h e r e  t h e  s l o p e  i s  ±1 a t  a l l  
p o s i t i o n s .  I t  i s  b e c a u s e  of  t h i s  d i f f e r e n c e  t h e  a c q u i s i t i o n  
t r a j e c t o r i e s  a r e  a l s o  s l i g h t l y  d i f f e r e n t ,  a s  shown i n  F i g u r e  4.30. A 
s l i g h t  i n c r e a s e  i n  t h e  maximum s l i p p i n g  r a t e  and  D o p p l e r - s h i f t  
d i s p l a c e m e n t  were  ob ta ined .  The l a s t  i m p o r t a n t  p o in t  h e r e  i s  t h a t  by 
n a r ro w in g  t h e  r e c e i v e r  bandwidth  to  6o p e r c e n t  of the  main bandwidth ,  
w o u l d  r e d u c e  t h e  n o i s e  t o  40 p e r c e n t  o f  i t s  o r i g i n a l  v a l u e ,  w h i l e  
o n ly  5 p e r c e n t  of the  d e s i r e d  s i g n a l  power would be l o s t .
I t  i s  a l s o  p o s s i b l e  t o  e s t a b l i s h  a 2 - A de lay  l o c k  l o o p  by u s in g  
t h e  same t r a n s m i t t e d  s i g n a l  i . e .  (S^ + and  c o r r e l a t e  t h i s
s i g n a l  i n  t h e  r e c e i v e r  by t h e  l o c a l  code  s e q u e n c e  The
e r r o r  c u r v e  and  t h e  a c q u i s i t i o n  t r a j e c t o r i e s  a r e  t h e  same a s  t h e  
s t a n d a r d  2 - A d e l a y  l o c k  l o o p ,  b u t  t h e  s i g n a l  t o  n o i s e  r a t i o  
improvement can be ga in ed  a s  mentioned  above.
i i )  Another  4-A d e lay  l o c k  l o o p  cou ld  be c o n s t r u c t e d  by t r a n s m i t t i n g  
the  s i g n a l  whose r e l a t e d  waveform and s i g n a l  power a r e
shown i n  F i g u r e  4.31 .  I n  t h e  r e c e i v e r ,  t h i s  s i g n a l  i s  c o r r e l a t e d  
w i t h  (Sj^ + 2 -  2 -  S i+ y ) .  The N -sh a p e  e r r o r  c u r v e  i s
i d e n t i c a l  t o  t h a t  i n  ( i )  a b o v e ,  a n d  h e n c e  t h e  a c q u i s i t i o n  
t r a j e c t o r i e s .  I t  w a s  f o u n d  t h a t  t h i s  s y s t e m  h a s  no g r e a t  a d v a n t a g e  
compared w i t h  o th e r  sy s tem s  d i s c u s s e d  e a r l i e r .
p o w e r
a) 4-A N-shape error curve
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Figure 4.30. An alternative 4-A delay lock loop
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i l l )  The f i n a l  t r a n s m i t t e d  s i g n a l  under co n s id e ra t io n  i n  t h i s  c h a p t e r  
i s  one  w h ic h  c o n s i s t s  o f  (Sj^ -  I t s  power  s p e c t r a l  d e n s i t y ,
and o t h e r  r e l a t e d  waveforms a r e  shown i n  F ig u r e  4.32. Two p o s s i b l e  
d e l a y  l o c k  l o o p s  c o u l d  be c o n s t r u c t e d  t o  r e c e i v e  t h i s  s i g n a l .  The 
f i r s t  one i s  a 1-A d e l a y  l o c k  l o o p  w h i c h  c o r r e l a t e s  t h e  r e c e i v e d  
s i g n a l  (Sj^ -  S i _ i )  w i t h  a s i n g l e  l o c a l  code  s e q u e n c e  S^. The e r r o r  
c u r v e  and  t h e  a c q u i s i t i o n  t r a j e c t o r i e s  a r e  t h e  same a s  f o r  t h e  
s t a n d a r d  1-A l o o p .  The s e c o n d  c o n f i g u r a t i o n  i s  a 2-A d e l a y  l o c k  
l o o p .  T h i s  c o r r e l a t e s  t h e  r e c e i v e d  s i g n a l  w i t h  (S^ + S ^ + i ) .  T h i s  
l o o p  i s  a l s o  i d e n t i c a l  t o  t h e  s t a n d a r d  2-A d e l a y  l o c k  l o o p .  
Obviously no a dvan tages  a r e  ga ined  from t h e  2-A loop,  but  c l e a r l y  t h e  
s t r u c t u r e  of  t h e  1-A delay  l o c k  lo o p  i s  s im p l e r  th a n  the  s t a n d a r d  one 
s i n c e  s i n g l e  l o c a l  code  s e q u e n c e  i s  i n v o l v e d  i n  t h e  c o r r e l a t i o n  
p ro c e s s ,  and t h i s  could be used  when a s im ple  r e c e i v e r  i s  r e q u i r e d .
T a b l e  4.1 s u m m a r i s e s  t h e  r e s u l t s  o f  v a r i o u s  d e l a y  l o c k  l o o p s  
d i s c u s s e d  e a r l i e r  i n  t h i s  chap te r .
4 .4  CONCLUSIONS
T h i s  c h a p t e r  h a s  p r e s e n t e d  s e v e r a l  n o v e l  s p r e a d  s p e c t r u m  
c o n f i g u r a t i o n s ,  i n  w h i c h  a d e l a y  l o c k  l o o p  i s  u s e d  t o  a c h i e v e  
s y n c h r o n i s a t i o n  and m a i n t a i n  t r a c k i n g  be tween  t h e  r e c e i v e d  s i g n a l  and 
t h e  l o c a l l y  g e n e r a t e d  s e q u e n c e .  T h es e  m o d i f i c a t i o n s  h a v e  n o t  
p r e v io u s l y  been c o n s id e re d  by o t h e r  workers .  The m o d i f i c a t i o n s  g iv e n  
i n  t h i s  c h a p te r  a f f e c t  both the  t r a n s m i t t e r  and a l s o  t h e  r e c e i v e r .
F i r s t ,  a m e thod  w a s  g i v e n  t o  s i m p l i f y  t h e  s t r u c t u r e  o f  t h e  
s t a n d a rd  2 - A and 4-A delay  l o c k  loop ,  which consequen t ly  r e d u c e s  t h e  
c o m p l e x i t y  and c o s t  o f  t h e  r e c e i v e r .  T h i s  m e th o d  w a s  a c h i e v e d  by
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t r a n s f e r r i n g  p a r t  o f  t h e  d e l a y  l o c k  l o o p ’ s c o r r e l a t o r  f ro m  t h e  
r e c e i v e r  t o  t h e  t r a n s m i t t e r .  T h i s  i n v o l v e d  t r a n s m i t t i n g  a m u l t i ­
l e v e l  sequence.  I h i s  type of te chn ique  could be a p p l i e d  p a r t i c u l a r l y  
where t h e r e  a r e  many r e c e i v e r s  connec ted  t o  a s i n g l e  t r a n s m i t t e r  i n  
a c e r t a i n  c o m m u n i c a t i o n s  n e t w o r k .  E x p e r i m e n t a l  r e s u l t s  w e r e  
o b ta in e d ,  which  showed no d e g ra d a t io n ,  i n  the  s ea rch  r a t e  a s  w e l l  a s  
w h i t e  n o i s e  r e j e c t i o n  p e r f o r m a n c e ,  a s  a r e s u l t  o f  t h e s e  
m o d i f i c a t i o n s .
Secondly,  by t r a n s m i t t i n g  t h r e e  l e v e l  sequences  g e n e r a t e d  i n  t h e  
t r a n s m i t t e r  by a d d i n g  1 /2  b i t  s h i f t  v e r s i o n  of  t h e  t r a n s m i t t e d  
sequence t o  i t s e l f ,  o t h e r  s t r u c t u r e s  of  v a r i o u s  de lay  l o c k  l o o p s  a r e  
p r e s e n t e d  which no t  only  show h ig h e r  s e a r c h  r a t e s  th an  the s t a n d a r d  
l o o p  b u t  a l s o  show r e l a t i v e  i m p r o v e m e n t  i n  t h e  s i g n a l  t o  n o i s e  
per fo rm ances  when the  bandwidth of the  r e c e i v e r  i s  r educed  to  60$ of  
th e  o r i g i n a l  mainlobe bandwidth  because  of  t h e i r  improved u t i l i s a t i o n  
of t h e  m a in  l o b e .  Some of t h e s e  s t r u c t u r e s  a r e  a l s o  r e l a t i v e l y  
s im ple ,  and a few have no s i g n i f i c a n t  advantages .
The o n l y  d i s a d v a n t a g e  t h a t  c a n  be s e e n  a s  a r e s u l t  o f  
t r a n s m i t t i n g  t h e  m u l t i - l e v e l  s e q u e n c e  i n  t h e  t r a n s m i t t e r  i s  t h e  
n e c e s s i t y  of h av ing  l i n e a r  a m p l i f i e r s  i n  both the  t r a n s m i t t e r  and th e  
r e c e i v e r  ends r a t h e r  tha n  n o n - l i n e a r  t r a n s m i t t e r  a m p l i f i e r s  used t o  
amplify the  two l e v e l  s t a n d a r d  sequence .
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CHAPTER FIVE
THE APPLICATION OF COMPOSITE SEQUENCES TO MULTIPLE ACCESS 
SPREAD-SPECTRUM SYSTEMS
5.1 INTRODUCTION
The d i r e c t - s e q u e n c e  sp re a d - s p e c t ru m  r e c e i v e r  can be c o n s id e re d  
a s  a  s i m p l e  a v e r a g i n g  s i g n a l  p r o c e s s o r .  I f  t h e  m a x im a l  l e n g t h  
p seu d o -n o ise  sequence has  a l e n g th  L b i t s  and t h e  p e r io d  of  each d a t a  
b i t  i s  the same a s  the s e q u e n c e - r e p e a t  pe r io d ,  th e  va lu e  of each d a t a  
b i t  i s  e f f e c t i v e l y  r e p e a t e d  L t imes .  Thus, i n  t h e  p resence  of  w h i t e  
n o i s e  i n t e r f e r e n c e  t h e  i m p r o v e m e n t  o f  t h e  SNR a t  t h e  o u t p u t  i s  
app ro x im a te ly  ;
SNR
S N C  = "
i n
r e l a t i v e  t o  t h e  i n p u t  SNR. Where maximum i n t e r f e r e n c e  r e j e c t i o n  i s  
r e q u i r e d ,  a t  t h e  e x p e n s e  o f  t h e  d a t a  b i t  r a t e ,  v e r y  l o n g  m a x im a l  
l e n g t h  p s e u d o - n o i s e  c o d e s  a r e  u sed .  Long c o d e s  may a l s o  be u s e d  t o  
e n s u r e  i m p r o v e d  s e c u r i t y  b e c a u s e  d e t e c t i o n  o f  l o n g  c o d e s  i s  more 
d i f f i c u l t  t h a n  s h o r t  codes. These two main  a im s  can be f u l f i l l e d  by 
t r y i n g  t o  make t h e  s p r e a d i n g  c o d e s  a s  c l o s e  a s  p o s s i b l e  t o  a p u r e l y  
random b ina ry  sequence,  however i t  i s  n e c e s s a ry  f o r  t h e s e  codes t o  be 
g e n e r a t e d  e a s i l y  and synchron ised ,  and a s  th e  l e n g t h  of the  sequence 
i n c r e a s e s  t h e  epoch s ea rch  p ro ces s  t a k e s  p r o p o r t i o n a t e l y  lo nger .  The 
a c q u i s i t i o n  of pseudo-no ise  codes h a s  been c o n s id e re d  i n  the  p re v io u s  
two ch ap te r s .
O t h e r  t e c h n i q u e s  f o r  a c q u i r i n g  p h a s e  s y n c h r o n i s a t i o n  of  codes 
i n c l u d e  s u r f a c e  a c o u s t i c  wave (SAW) c o r r e l a t o r s  and c onvo lve rs  [ 1 -4 ] ,  
and  a c t i v e  ( s l i d i n g )  c o r r e l a t o r s  w i t h  a v a r i e t y  o f  " s e a r c h - l o c k "
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s t r a t e g i e s  such as  r a p i d  a c q u i s i t i o n  by s e q u e n t i a l  e s t i m a t i o n  (RASE) 
o r  r a p i d  a c q u i s i t i o n  by r e c u r s i o n  s i d e d  s e q u e n t i a l  e s t i m a t i o n  
(RARASE) [ 5 , 6 ] ,  and i i e l a y  l . ock  Xoop (DLL) [ 7 , 1 0 ] .  The a d v a n t a g e  of  
the  RASE and RARASE te c h n iq u e s  i s  t h e i r  r a p i d  a c q u i s i t i o n  of c o a r s e  
phase s y n c h r o n i s a t i o n  i n  modera te  s i g n a l  to  n o i s e  r a t i o s .  Although 
t h e  DLL can  w o rk  w i t h  v e r y  poo r  s i g n a l  t o  n o i s e  r a t i o s ,  i t s  
a c q u i s i t i o n  t i m e  i s  r e l a t i v e l y  l o n g ,  and i n  g e n e r a l ,  h o w e v e r ,  t h e  
l o n g e r  the  maximal l e n g t h  sequence th e  l o n g e r  the  a c q u i s i t i o n .
I n  o rd e r  to  improve t h e  a c q u i s i t i o n  t i m e  of  lo n g  sequences,  many 
d i f f e r e n t  f o r m s  of  c o m b i n a t i o n  o r  c o m p o s i t e  s e q u e n c e  hav e  b e e n  
p roposed  [11 ,14] .  In  g e n e r a t i n g  t h e s e  sequences  t h e  aim i s  t o  break  
t h e  s e q u e n c e  i n t o  a s e r i e s  of  s h o r t e r  s e q u e n c e s  w h i c h  may e a c h  be 
c o r r e l a t e d  a g a i n s t  a r e p l i c a  of t h a t  s h o r t  sequence,  th u s  a l l o w i n g  a 
r e l a t i v e l y  r a p i d  e s t i m a t i o n  of  code p h a s e ,  c o m p a r a b l e  t o  t h e  
a c q u i s i t i o n  t i m e  of  t h e  s h o r t  code. However, i t  i s  ne c e ss a ry  no t  t o  
compromise the  c o r r e l a t i o n  performance  of  the  com bina t ion  sequences,  
i f  they a r e  t o  be u s e fu l  i n  r a n g in g  or  m u l t i - a c c e s s  sp re a d - s p e c t ru m  
s y s t e m s .  A l th o u g h  t h e r e  w i l l  be l a r g e  p a r t i a l  c o r r e l a t i o n s  when 
c o r r e l a t i n g  t h e  c o m b i n a t i o n  s e q u e n c e  w i t h  one of t h e  sub -sequences  
used  i n  most  system a p p l i c a t i o n s ,  i t  i s  the  c o r r e l a t i o n  p r o p e r t i e s  
b e t w e e n  t h e  e n t i r e  s e q u e n c e  and  i t s  r e p l i c a ,  o r  a g a i n s t  o t h e r  
sequences  g e n e ra te d  i n  the  s e t  which a r e  im p o r ta n t .
Some com bina t ion  sequences  used i n  sp read  spect rum s ys tem s  have 
been d i s c u s s e d  i n  Chapter  One. The c o n s t r u c t i o n  of th e se  sequences  
i s  s l i g h t l y  d i f f e r e n t  from one f a m i l y  to  ano the r .  G e n e ra l ly  they a r e  
c o n s t r u c t e d  from s h o r t  sequences,  b u t  c locked  from the  same source  of  
f r e q u e n c y ,  and c o m b in e d  by m o d u lo -2  s u m m a t io n .  The i n d i v i d u a l  
s equences  may e i t h e r  have the  same l e n g t h s  or  d i f f e r e n t  l e n g th s .
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I n  g e n e r a l ,  h o w e v e r ,  t h e s e  c o d e s  do n o t  h a v e  a s  good c r o s s  
c o r r e l a t i o n  p r o p e r t i e s  a s  the c o r r e s p o n d in g  maximal l e n g t h  sequences  
[1 5 ] .
A p o p u l a r  c l a s s  o f  c o m b i n a t i o n  s e q u e n c e  h a s  b e e n  p r o p o s e d  by 
Gold [11].  This  does no t  provide  s i g n i f i c a n t l y  improved a c q u i s i t i o n  
t i m e s  b u t  i s  u s e f u l  i n  g e n e r a t i n g  L+1 d i f f e r e n t  s e q u e n c e s ,  e a c h  o f  
l e n g t h  L b i t s ,  and  h a v i n g  p r e d i c t a b l e  a u t o - c o r r e l a t i o n  and  c r o s s ­
c o r r e l a t i o n  p r o p e r t i e s .  C l e a r l y ,  a l a r g e  number  o f  c o d e s  a r e  
r e q u i r e d  i n  a l a r g e  c a p a c i t y  code d i v i s i o n  m u l t i p l e  a c c e s s  s p r e a d -  
spec trum system,  where each code a c t s  a s  a u s e r  a d d r e s s  o r  key to  t h e  
s y s t e m .  I n  s u c h  a s y s t e m  n o t  a l l  u s e r s  a r e  e x p e c t e d  t o  o p e r a t e  
s i m u l t a n e o u s l y ,  n e v e r t h e l e s s  u s e r  c a p a c i t y  i s  l i m i t e d  by th e  number 
o f  s e q u e n c e s  a v a i l a b l e .  For  t h e  c a s e  o f  m a x im a l  s e q u e n c e s ,  u n l e s s  
L>1023 b i t  t h e  number of  d i f f e r e n t  sequences  i s  f a i r l y  l i m i t e d  (<60). 
An a d v a n t a g e  o f  t h e  c l a s s  o f  Go ld  s e q u e n c e s  i s  t h a t  t h e  c r o s s ­
c o r r e l a t i o n  performance  of  t h e  sequences  i s  no worse th a n  t h e  c r o s s ­
c o r r e l a t i o n  per formance  of the  two maximal l e n g t h  sequences  used t o  
g e n e r a t e  t h e  Gold  s e q u e n c e s  [ 1 1 ] .  I n  g e n e r a l  t h e  c o r r e l a t i o n  
p r o p e r t i e s  of  Gold sequences  a r e  d e t e rm in a b le .  However, the  index  of  
d i s c r i m i n a t i o n  i n  t h e  a u t o - c o r r e l a t i o n  f u n c t i o n  i s  no t  a s  h igh  a s  f o r  
maximal l e n g t h  sequences.
An a l t e r n a t i v e  c l a s s  of  com bina t ion  sequences  has  been su g g e s te d  
p r i m a r i l y  t o  p r o v i d e  b o th  a l a r g e  number  of  s e q u e n c e s  and  f a s t  
a c q u i s i t i o n  by B e a l e  and  T o z e r  [ 1 3 ] .  These  s e q u e n c e s  h a v e  b e e n  
p r o p o s e d  a s  b e i n g  i d e a l  f o r  m u l t i - a c c e s s  s p r e a d  s p e c t r u m  s y s t e m s .  
S o r w a t e  and  S t a r k  [ 1 4 ]  h a v e  a l s o  p r o p o s e d  a s i m i l a r  c l a s s  o f  
composi te  sequences c a l l e d  Kronecker sequences.  They have shown t h a t
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i f  the  s i g n a l  to  no ise  r a t i o  i s  r e l a t i v e l y  good t h e  t im e  r e q u i r e d  t o  
s y n c h r o n i s e  K r o n e c k e r  i n  p a s s i v e  m a t c h e d  f i l t e r  c o r r e l a t o r s  i s  
s i g n i f i c a n t l y  l e s s  t h a n  t h e  t i m e  r e q u i r e d  t o  s y n c h r o n i s e  m a x im a l  
l e n g t h  sequences  of comparable  l e n g th .
C o m p o s i t e  or  K r o n e c k e r  s e q u e n c e s  a p p e a r  t o  h a v e  a n  i m p o r t a n t  
c o n t r i b u t i o n  i n  r a n g in g  and m u l t i - a c c e s s  s y s t e m s .  I n  t h i s  c h a p t e r  
com pos i te  sequences a r e  co n s id e re d  f u r t h e r ,  from two main v ie w p o in t s .  
The f i r s t  c o n s id e r s  the c o r r e l a t i o n  p r o p e r t i e s  of the  sequences  and 
from t h i s  t h e  power s p e c t r a l  d e n s i t y  of  t h e  t r a n s m i t t e d  s i g n a l ,  and 
t h e  a b i l i t y  of  t h e  s e q u e n c e s  t o  r e j e c t  t h e  i n t e r f e r e n c e  o f  o t h e r  
u se r s .  The second v i e w p o i n t  c o n s i d e r s  t h e  a c q u i s i t i o n  p r o p e r t i e s  of  
t h i s  c l a s s  o f  s e q u e n c e s  u s i n g  a s l i d i n g  c o r r e l a t o r .  A d e l a y  l o c k  
lo o p  w i t h  a RASE s e a r c h - l o c k  s t r a t e g y  a r e  used. And t h e  a c q u i s i t i o n  
t i m e s  u s i n g  t h e s e  t e c h n i q u e s  a r e  c o m p a r e d  w i t h  t h o s e  f o r  a 
co n v en t io n a l  maximal l e n g t h  sequence of  s i m i l a r  l e n g t h ,  L.
5 .2  GENERATION OF THE COMPOSITE SEQUENCE
I n  o r d e r  t o  c o n s t r u c t  t h e  c o m p o s i t e  s e q u e n c e ,  we f i r s t  d e f i n e  
th e  two component sequences  a s  f o l l o w s :  L e t  U be a sequence of b in a ry  
d i g i t  o f  a m p l i t u d e  +1 and -1  o f  p e r i o d  n^. T h i s  s e q u e n c e  c o u l d  be 
r e p r e s e n t e d  i n  the i t h  d i g i t  domain a s :
u ( i )  = U ( i+kn^)  5.1
w h e r e  k i s  an  i n t e g e r ,  i  i s  0, 1, 2,  3 . . . .  n ^ - l ,  and  u ( i )  i s  a 
r e p e t i t i v e  b ina ry  sequence.
I n  t h e  same way we d e f i n e  t h e  o t h e r  b i n a r y  s e q u e n c e ,  V, h a v i n g  
a m p l i t u d e s  +1 and -1 of p e r io d  n^ such t h a t :
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V ( j )  = V( j+ k  n^) 5.2
w h e r e  j  i s  0, 1, 2, 3 . . . .  n ^ - l  a n d  V(J)  i s  a s e c o n d  r e p e t i t i v e
b i n a r y  sequenee.
From t h e s e  tw o  com ponen t  s e q u e n c e s ,  U and V, t h e  r e s u l t i n g  
b i n a r y  s e q u e n c e ,  Z, a l s o  h a s  a m p l i t u d e s ,  +1 a n d  - 1 ,  a n d  i s  
c o n s t r u c t e d  by a m u l t i p l i c a t i o n  p r o c e s s  e q u i v a l e n t  t o  s e q u e n c e  
i n v e r s i o n  k e y i n g  m o d u l a t i o n ,  SIK. The s e q u e n c e ,  Ü, i s  t h e  ’h i g h  
speed’ i n n e r  code modula ted  by th e  s lo w e r  o u t e r  code, V. F ig u r e  5.1 
s how s  t h e  c o n s t r u c t i o n  of  t h i s  c o m p o s i t e  s e q u e n c e  an d  i t  i s  
summarised  a s  f o l l o w s :
By m u l t i p l y i n g  t h e  f i r s t  d i g i t  o f  t h e  o u t e r  s e q u e n c e  V(0) by 
e a c h  d i g i t  of  t h e  i n n e r  s e q u e n c e  U(0), U ( l ) ,  U(2) . . .  U Cn^- l ) ,  t h e  
f i r s t  n^  d i g i t s  o f  t h e  c o m p o s i t e  s e q u e n c e  Z (0  . . .  n ^ - l )  a r e  
c o n s t r u c t e d .  The second n^ d i g i t s  of the  composi te  sequence  Z(n^ 
. . .  2 n ^ - l )  a r e  c o n s t r u c t e d  by m u l t i p l y i n g  t h e  s e c o n d  d i g i t  o f  t h e  
o u t e r  co m p o n en t  s e q u e n c e  V ( l )  by ea c h  d i g i t  o f  t h e  i n n e r  co m p o n en t  
s e q u e n c e  U(0),  U ( l ) ,  U(2) . . .  U Cn^- l ) ,  and  so  on u n t i l  t h e  l a s t  d i g i t  
of the  o u t e r  component sequence V(ny-l)  i s  to  be m u l t i p l i e d  by each 
d i g i t  o f  t h e  i n n e r  co m p o n en t  s e q u e n c e  U (0) ,  . . .  UCn^-l )  t o  f o r m  t h e  
l a s t  n^ d i g i t s  o f  t h e  c o m p o s i t e  s e q u e n c e  ZCn^n^-ny)  . . . ( n ^ n ^ - l ) ] .  
Then t h e  whole  p ro c e s s  i s  t o  be r e p e a t e d  and so on.
From th e  i l l u s t r a t i o n  above, i t  i s  c l e a r  t h a t :
( i )  The c h i p - r a t e  of  t h e  c o m p o s i t e  s e q u e n c e  Z i s  t h e  same a s  t h e  
ch ip  r a t e  of th e  i n n e r  composi te  sequence U.
( i i )  The c h i p - r a t e  of th e  o u t e r  component sequence V should  be made 
Hu t i m e s  l o w e r  t h a n  t h e  c h i p - r a t e  of  t h e  i n n e r  c o m ponen t
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sequence U, i . e . ,  the  d u r a t i o n  of  every d i g i t  of  V i s  equal  to  
the  whole p e r io d  o f  U.
( i i i )  Each p e r i o d  o f  of  t h e  c o m p o s i t e  s e q u e n c e  Z h a s  t h e  same 
d u r a t i o n  a s  t h e  o u t e r  c o m p o n en t  s e q u e n c e  p e r i o d  an d  i t  
c o n s i s t s  of  ^  = n^ny d i g i t s .
I t  i s  m ore  c o n v e n i e n t  t o  e x p l a i n  t h e  c o n s t r u c t i o n  o f  t h e
composi te  sequence by a smal l  example a s  f o l l o w s :  l e t  the  d i g i t  +1
be r e p r e s e n t e d  by + and  t h e  d i g i t  - 1  be r e p r e s e n t e d  by L e t  t h e  
com ponen t  s e q u e n c e  U be a m a x im a l  l e n g t h  s e q u e n c e  o f  l e n g t h  7 
g e n e r a t e d  from 3 s t a g e s  f eedback  s h i f t  r e g i s t e r  (23-1):
U= + + + — — + —
s i m i l a r l y  l e t  t h e  o t h e r  com ponen t  s e q u e n c e  V be a m a x im a l  l e n g t h  
sequence of  l e n g t h  3:
V = + + -
Although th e  l e n g t h s  of  th e  two sequences  chosen  i n  t h i s  example a r e  
d i f f e r e n t ,  b u t  i n  p r a c t i c e  t h e y  c o u l d  be t h e  same.  So i f  we c h o o s e  
t h e  l a t e r  sequence V t o  be t h e  o u t e r  component sequence and t h e  f i r s t
one U a s  the  i n n e r  component sequence,
V = + + -
U — + + — — + — + + — — + — + + + — — + —
Z — + + + — — + — + + + — — + — — — — + + — +
one p e r i o d  o f  V i s  n e e d e d  w i t h  n^ p e r i o d  o f  U t o  fo rm  one p e r i o d  o f
t h e  r e s u l t i n g  sequence Z. The pe r iod  of  t h e  r e s u l t i n g  sequence i s  n^
= n^ X Uy = 7x3 = 21. Longer composi te  sequences  can be g e n e ra te d  by
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m u l t i p l y i n g  or  by sequence i n v e r s i o n  key ing  m o d u la t i n g  t h e  r e s u l t i n g  
s e q u e n c e  Z by a t h i r d  o u t e r  com ponen t  s e q u e n c e ,  W, w i t h  p e r i o d  n^. 
The c h i p - r a t e  o f  t h i s  new o u t e r  s e q u e n c e  m u s t  be n^ ( o r  n^n^)  t i m e s  
s l o w e r  t h a n  t h a t  of  t h e  s e q u e n c e  Z, and  so on. So by t h i s  way l o n g  
c o m p o s i t e  s e q u e n c e s  can  be g e n e r a t e d  f r o m  much s h o r t e r  com ponen t  
s e q u e n c e s .  I n  t h i s  c h a p t e r  we c o n c e n t r a t e  on a c o m p o s i t e  s e q u e n c e  
g e n e r a t e d  from two component sequences  only.
The two component sequences  need no t  be a maximal sequence.  One 
example i s  t h e  use of a maximal sequence f o r  t h e  i n n e r  component and 
a B a r k e r  code  f o r  t h e  o u t e r  c o m ponen t  [ 1 4 ] .  Max im al s e q u e n c e s  a r e  
used i n  t h i s  c h a p t e r  because i t  i s  a very  common sequence i n  m u l t i p l e  
a c c e s s  s p r e a d  s p e c t r u m  s y s t e m s ,  e a s y  t o  g e n e r a t e  and  i t  h a s  good 
c o r r e l a t i o n  p r o p e r t i e s .
The com pos i te  sequence Z could  be e x p r e s s e d  m a t h e m a t i c a l l y  from 
the  two component sequences  U and V, from w hich  i t  can be c o n s t r u c t e d  
a s  f o l l o w s :
Z ( i )  = U(i )  V(0) f o r  0 < i  < n ^ - l  
Z ( i )  = U ( i - n ^ )  V( l)  f o r  n^  < i  < S n ^ - l
e t c
The g en e ra l  e x p r e s s io n  could  be e i t h e r  of  th e  form:
Z ( i )  = U ( i - k n ^ )  M(k) f o r  kn^  < i < ( k + l ) n ^ - l
and k i s  0 , 1 , 2 . . .  ( n ^ - l )  5 .3
or of the  form
Z ( i )  = U(j )  V(k) f o r  0 < j  < n ^ - i ,  0 < k < n ^ - l
w i th  i  = kn^ + j  5.4
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Clock
gen er a to r
n
u
PN genera tor  o f  period  n
PN gen era tor  o f  period  n
PN genera tor  o f  per iod  n
Y
Figure 5.2 Block diagram of generating composite 
sequence.
(i) Z, from two component sequences U, V.
(ii) Y, from three component sequences U, V, W,
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F i g u r e  5.2 show s  a b l o c k  d i a g r a m  of  how to  g e n e r a t e  tw o  
com pos i te  sequences  Y and Z.
i )  g e n e r a t e s  a com pos i te  sequence Z from two component sequences ;  U
a s  an  i n n e r  sequence,  and V a s  an o u t e r  sequence where the  c lock
of th e  l a t e r  i s  n^ t i m e s  s low er  th a n  t h e  f i r s t  one.
i i )  g e n e r a t e s  a l o n g e r  c o m p o s i t e  s e q u e n c e  Y f ro m  t h r e e  s h o r t  
component sequences .  The o u t e r  component sequence i n  t h i s  case  
i s  sequence W which  has  ch ip  r a t e  n^ t i m e s  s low er  th a n  the o u t e r  
s e q u e n c e  V. The p s e u d o - n o i s e  g e n e r a t o r  c o u l d  be an  n - s t a g e s  
f eedback  s h i f t  r e g i s t e r  w i t h  a s e l e c t e d  f eedback  t a p s  t o  produce 
a m a x im a l  s e q u e n c e  o f  p e r i o d  2 ^ -1 .  The m u l t i p l i e r  c o u l d  be 
r e p l a c e d  by a modulo-2 ad d e r  i f  a u n i p o l a r  sequence i s  used.
This  i s  t h e  form of sequence g e n e r a t o r  proposed by Sa rw a te  and 
S t a r k  [14] to  produce the  Kronecker sequence.
5.3 C0RRH.AT10N PROPERTIES OF THE COMPOSITE SEQUENCE
One of  t h e  m o s t  i m p o r t a n t  p r o p e r t i e s  of  any s p r e a d  s p e c t r u m
s i g n a l  i s  t h e  c o r r e l a t i o n  f u n c t i o n  p r o p e r t y  o f  t h e  s e q u e n c e s  used .  
B o th  t h e  c r o s s - c o r r e l a t i o n  and  t h e  a u t o - c o r r e l a t i o n  f u n c t i o n  a r e  
e q u a l l y  i m p o r t a n t  because  i n  code d i v i s i o n  m u l t i p l e  a c c e s s  sys tems ,  
t h e  r e c e i v e r  m u s t  n o t  r e s p o n d  t o  any s i g n a l  o t h e r  t h a n  t h e  p r o p e r  
a d d r e s s i n g  s e q u e n c e  and  t h e  c o d e s  r e q u i r e  a tw o  v a l u e d  a u t o ­
c o r r e l a t i o n  f u n c t i o n  and  a v e r y  low v a l u e  o f  c r o s s - c o r r e l a t i o n  
f u n c t i o n .
S i m i l a r l y ,  s y s tem s  des igned  t o  s u p p re s s  jamming s i g n a l s  r e q u i r e  
a  good a u t o c o r r e l a t i o n  f u n c t i o n  w i t h  a h igh  index  of d i s c r i m i n a t i o n .
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The c r o s s - c o r r e l a t i o n  p r o p e r t i e s  o f  com pos i te  sequences  w i l l  be 
p re s e n te d  f i r s t .
5. 3.1 C ro s a -C o r re la t io n  F u n c tio n  o f  th e  C om posite Sequence
The u n n o r m a l i s e d  c r o s s - c o r r e l a t i o n  f u n c t i o n  b e t w e e n  any two 
sequences  and Z2 cou ld  be ex p re s sed  a s :
= Z  5 ( k ) Z 2 ( k + T )  5.5
k=0J
w h e r e  L i s  t h e  s e q u e n c e  l e n g t h  and  x i s  e q u a l  t o  0, 1,  2, . . .  (L -1 ) .  
Now c o n s i d e r  t h e  tw o  s e q u e n c e s  Ẑ  ̂ and Z2 a r e  c o m p o s i t e  s e q u e n c e s  
c o n s t r u c t e d  a s  shown i n  F ig u re  5.2. Suppose t h a t  t h e i r  co r re s p o n d in g
c o m p o n e n t  s e q u e n c e s  h a v e  e q u a l  p e r i o d s ;  i . e .  n = n„ = n„,  and n„
i  j  i
= n^ = Uy. R e f e r r i n g  to  F igu re  5.2 B ea le  and Tozer have shown t h a t  
th e  c r o s s - c o r r e l a t i o n  f u n c t i o n  of  the se  two com pos i te  sequences  i s :
n -1 (k+l)n -1
V u
\ . z  " Z  E  Z , ( i ) Z ^ ( i+ T )
k=0 i=kn
u
n “1 (k+l)n -1
V u
E V  U.(i-kn )V_(k)U.(i-kn )V (k+T )1 u 1 2 u 2 V
k=0 i=kn
u
where  T = T^n^, i .e.  t  i s  some i n t e g e r  m u l t i p l e  of the p e r io d  n^ of 
the  component sequence and U2 .
n -1 n -1
V u
= E  V^(k)V^(k+T^) ^  U ^ ( j )U ^ ( j )  5 .6
k=0 j=0
The f i r s t  sum i n  t h e  e q u a t i o n  5.6 a b o v e  r e p r e s e n t s  t h e  p e r i o d i c  
c r o s s - c o r r e l a t i o n  f u n c t i o n  f o r  the  two component sequences  and V2 ,
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w h i l e  t h e  s e c o n d  sum r e p r e s e n t s  t h e  p e r i o d i c  c r o s s - c o r r e l a t i o n  
f u n c t i o n  b e t w e e n  t h e  two com ponen t  s e q u e n c e s  and  Ü2 > ^ ^
r e l a t i v e  p h a s e - s h i f t  of  ze ro ,  so, t h e  c r o s s - c o r r e l a t i o n  f u n c t i o n  now 
becomes :
5 .7
w here  x = n^
T h i s  r e s u l t  shows  t h a t  t h e  c r o s s - c o r r e l a t i o n  f u n c t i o n  o f  tw o 
com pos i te  sequences  i s  depended on the c r o s s - c o r r e l a t i o n  f u n c t i o n  of 
t h e  component sequences  from which they a r e  gene ra ted .
However, f o r  r e l a t i v e  fiiase s h i f t s  such  t h a t ,  x ^ x ^ n ^  the c r o s s ­
c o r r e l a t i o n  f u n c t i o n  c a n  a l s o  be fo u n d .  B e a l e  and  T o z e r  [1 3 ]  h a v e  
c o n s id e r e d  t h i s  f o r  v a l u e s  of x i n  t h i s  range  :
T n + l < x < ( x  +1) n -1 
v u  — — V u
where x^ = 0, 1, 2 ...(n^-1)
R e f e r r i n g  t o  f i g u r e  5 .3 ,  t h e  tw o  c o m p o s i t e  s e q u e n c e s  Z ^ ( i )
a n d  %2 ( i  + %) o v e r  t h e  s h a d e d  a r e a  A, a n d  f o r  x ^ z l  a r e :
Z^(i)=U^(i-kn^)V^(k)
kn <  i < ( k+2)n ^- l -T  5 .8
Z^(i+x)=U^[i+x- (k+1)n^]V^(k+1),
For the  unshaded a r e a  B
Z j ( i )= U ^( i -kn^ )V ^(k )
Z2(i+x)  = U2[i+x-(k+2)n^]v^(k+2)j
(k+2)n - X < i <  (k+l)n -1 u —  —  u
5.9












































S i m i l a r l y  fo r  the  o t h e r  v a l u e s  of  t .
Z^(i)=Uj(i-kn^)V^(k) for kn^< i< (k+1)n^-l
U^[i+T-(k+T^)n^]V^(k+T^) for knj$i:$(k+T^+l)n^-l-T
Z^(i+T) =
U^[i+T-(k+Tyl)n^]V^(k+T ^+1), for (k+T^+l)n^-T<i<
(k+l)n^-l
5 .10
The eq u a t io n  o f  Z^(i)  I s  a p p l i e d  t o  both shaded and unshaded a r e a  a s  
i t  i s  t h e  same i n  e q u a t i o n s  5.8 and  5.9 f o r  b o t h  s h a d e d  an d  u n s h a d e d  
c a s e  w h e r e  Xy=l. B u t  t h e r e  a r e  tw o e q u a t i o n s  f o r  Z^Ci + ?  ), t h e  
u p p e r  one i n  5 .10  a p p l i e d  t o  t h e  s h a d e d  a r e a  w h i l e  t h e  l o w e r  one 
a p p l i e d  to  the  unshaded a r e a ,  f o r  the  l i m i t
T n +1 <  t < ( t  + l ) n  - 1  , ( t  =0,  1,  2 ,  . 
V u — ~  V U V
n -1)V
So t h e  c r o s s - c o r r e l a t i o n  f u n c t i o n  o f  t h e  tw o  c o m p o s i t e  s e q u e n c e s  
Z jC i )  and  ZgXi + T) can  be now w r i t t e n  a s :
n^-1 (k+T:^+l )n^ - l -T ̂  ̂ U^(i-kn^)V^(k)U2[ i+T-(k+T^)n^]
 ̂  ̂ k=0 i=knu
(k+1)n^-l
V2(k+T^)+^Ui(i-kn^)V^(k)U2[i+t-(k+Tv)nulV2(k+fv+l
i=(k+T +l)n -T 
V u
5.11
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This  e q u a t io n  could now be s i m p l i f i e d  t o
w h e r e  0 < % ^ <  n ^ - l ,  0 < < n ^ - l ,  and  ( f r o m  w h i c h  t h e
va lue  of T changes be tween  0 < T < n ^ n ^ - l )  and
(t +l)n -1-T 
V u
j = l
n  - 1  
u
SO the  p e r i o d i c  c r o s s - c o r r e l a t i o n  f u n c t i o n  f o r  a p a i r  o f  c o m p o s i t e  
sequences  i s  g iven  i n  e q u a t i o n  5.12, f o r  a l l  r e l a t i v e  p h a s e - s h i f t  t , 
i n  t e rm s  of  the c ro s s  p a r a m e te r s  of t h e i r  component sequences.
The r e s u l t s  o b t a i n e d  by B e a l e  an d  T o z e r  [1 3 ]  i s  i d e n t i c a l  to  
t h a t  o b ta in e d  by Sa rw a te  and S t a r k  [14] .  However, the  l a t e r  a u t h o r s  
c o n s i d e r e d  t h e  c o r r e l a t i o n  p r o p e r t i e s  f u r t h e r .  They o b t a i n e d  t h e  
a p e r i o d i c  and  odd c r o s s - c o r r e l a t i o n  f u n c t i o n  of  two c o m p o s i t e  
sequences .  T h i s  i s  p a r t i c u l a r l y  i m p o r t a n t  i n  a s y n c h r o n o u s  d a t a  
m o d u l a t e d  sys tems.  U s i n g  s i m i l a r  a r g u m e n t s  t o  t h e  a b o v e ,  t h e  odd 
c r o s s  c o r r e l a t i o n  f u n c t i o n  o b ta in e d  by [14] i s :
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t h e  same l i m i t s  a r e  a p p l i e d ,  t h a t  i s  
° < \ <  V ^ ’ " u S  V u
E q u a t i o n  5.13 i s  t h e  same a s  t h a t  o f  5.12  e x c e p t  t h a t  t h e
presence  of Y i n s t e a d  o f  Y , and t h i s  r e p r e s e n t s  the odd
^ l ’^2 ^ l ’^2
c r o s s - c o r  r e l a t i o n  f u n c t i o n  of  th e  o u te r  component from which th e  odd
c r o s s - c o r r e l a t i o n  f u n c t i o n  of a  p a i r  of com pos i te  sequences  could  be
o b ta in e d .
The a p e r i o d i c  c r o s s - c o r r e l a t i o n  f u n c t i o n  can be shown to  be:
'Z.Z2<T) "
7  (T)+f (t)] for 0 < T < n  n
^l'^2 ■‘ l ’ 2 "
5.14
or i t  could be exp re s sed  by u s in g  e q u a t i o n s  5.12 and 5.13.
V a  5.15
t h i s  shows  t h a t  t h e  a p e r i o d i c  c r o s s - c o r r e l a t i o n  f u n c t i o n  of  two 
c o m p o s i t e  s e q u e n c e s  d e p e n d s  on t h e  a p e r i o d i c  c r o s s - c o r r e l a t i o n  
f u n c t i o n  of t h e i r  component sequences.
An a l t e r n a t i v e ,  and r a t h e r  s im p l e r  but  l o n g e r  way to  de te rm ine  
the c r o s s - c o r r e l a t i o n  f u n c t i o n  of any two d i g i t a l  sequences  i n c l u d i n g  
com posi te  sequences  i s  from th e  f o l l o w i n g  r e l a t i o n s h i p :
Y y ( t )  = number of  b i t  ag r e e m e n ts  -  number of  b i t  d is ag reem en tsz ^ .^ z
5.16
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The no rm a l i s e d  c r o s s - c o r r e l a t i o n  f u n c t i o n  i s
total number of sequence bits 5.17
w h e r e  % = 0, 1; 2, . . .  n-1
T h i s  i s  c a l c u l a t e d  o v e r  a l l  i n t e g r a l  b i t  s h i f t ,  w i t h  t h e  two 
sequences  be ing  compared b i t  by b i t .
I n  t h e  f o l l o w i n g ,  some e x a m p l e s  o f  t h e  c r o s s - c o r r e l a t i o n  
p e r f o r m a n c e  of  s e v e r a l  s e q u e n c e s  w i l l  be g i v e n .  To f i n d  o u t  t h e  
behav iour  of some com posi te  sequences  and compare them w i t h  t h a t  of  
t h e i r  com ponen t  s e q u e n c e s  f r o m  w h i c h  t h e y  a r e  c o n s t r u c t e d  o r  w i t h  
m a x im a l  l e n g t h  s e q u e n c e s ,  s e v e r a l  m a x im a l  l e n g t h  s e q u e n c e s  and 
c o m p o s i t e  s e q u e n c e s  hav e  been  c h o s e n  and  c o n s t r u c t e d  a s  shown i n  
t a b l e s  5.1 and 5.2 r e s p e c t i v e l y .  A l l  t h e  m a x im a l  l e n g t h  s e q u e n c e s  
a r e  g e n e ra te d  from an  n - s t a g e s  feedback  s h i f t  r e g i s t e r  w i t h  s e l e c t e d  
f e e d b a c k  t a p s  a s  shown i n  t h e  t a b l e ,  w h i l e  t h e  c o m p o s i t e  s e q u e n c e s  
a re  c o n s t r u c t e d  a s  e x p l a in e d  i n  S e c t i o n  5.2.
F i r s t  t h e  n o rm a l i s e d  c r o s s - c o r r e l a t i o n  f u n c t i o n  o f  some maximal 
l e n g t h  sequences,  which  a r e  c a l c u l a t e d  and shown i n  F ig u r e  5.4, a r e  
ex am in ed .  From t h i s  f i g u r e ,  we c a n  s e e  t h a t  t h e  n o r m a l i s e d  c r o s s ­
c o r r e l a t i o n  f u n c t i o n  v a r i e s  f ro m  one  p a i r  o f  s e q u e n c e s  t o  a n o t h e r .  
I t  i s  main ly  dependent  on t h e  type of  sequences  under c o n s i d e r a t i o n ,  
t h e  b i t  by b i t  s t r u c t u r e ,  and  t h e  l e n g t h  o f  t h e  s e q u e n c e s .  For  t h e  
p a i r  o f  s e q u e n c e  {D15, E15} ( s e e  t a b l e  5 .1)  an d  t h e  p a i r  {B7, C7), 
the  n o rm a l i s ed  c r o s s - c o r r e l a t i o n  f u n c t i o n  i s  r e l a t i v e l y  high .  The i r  
peak t o  peak va lu e  r e a c h e s  about  1.1. A s l i g h t l y  low er  peak t o  peak 
va lue  of  about  0.7 i s  found  f o r  the  p a i r  {F31, 07} and a l s o  f o r  (F31, 
E15}. A s i m i l a r  r e s u l t  ( n o t  shown) was  f o u n d  f o r  {F31, D15) and




s t a g e s
Feedback
t a p s
Sequence
l e n g t h
Sequence +1 
0 or  -1
= +
A3 2 2,1 3 +  + -  .
B7 3 3,1 7 + + + “ + “ — •
C7 3 3,2 7 + +  +  — —  +  — •
D15 4 4,1 15 +  + +  + -  + - + + —  — + — —  —  .
El 5 4 4,3 15 +  +  +  4- —  —  — +  —  —  +  +  —  +  —  «
F31 5 5,2 31 +  +  +  +  +  - - +  +  — +  + —  .... + —  —  —  .
G63 6 6,1 63 +  — + — + + . . . .  — — —  —  .
Table 5 .1 . Generation o f some maximal len gth  sequences.
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( a )








l e n g t h
B7A3 B7 A3 21
C7A3 07 A3 21
B7C7 B7 07 49
C7B7 07 B7 49
D15A3 D15 A3 45
El 5 A3 E15 A3 45
D15B7 D15 B7 105
D15C7 D15 07 105
E15C7 E15 07 105
E15B7 E15 B7 105
F31A3 F31 A3 93
F31C7 F31 07 217
F31B7 F31 B7 217
F31D15 F31 D15 465
F31E15 F31 E15 465
G63C7 G63 07 441
G63B7 G63 B7 441
2B15B7 2B15+1 B7 217
Table 5 .2 . G e n e r a t i o n  o f  some composi te sequences
a)  I n n e r  component o u t e r  ccanponent
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Table 5 .2  Continued
(b)
Inne r  Component Oute r  Component







l e n g t h
A3C7 A3 C7 21
A3B7 A3 B7 21
A3D15 A3 D15 45
A3E15 A3 E15 45
A3F31 A3 F31 93
C7D15 C7 D15 105
B7E15 B7 E15 105
C7E15 C7 E15 105
B7D15 B7 D15 105
C7F31 C7 F31 217
B7F31 B7 F31 217
E15D15 E15 D15 225
D15E15 D15 El 5 225
D15F31 D15 F31 465
E15F31 El 5 F31 465
C7G63 C7 G63 441
B7G63 B7 G63 441
B72B15 B7 2B15+1 217






























c) F31, C7 d) F31, E15
Figure 5.4. Some normalised cross-correlation functions













e) G6 3, E15 f) G63, F31
0 . 0 2 5
20
g) G63 ,  C7
F i g u r e  5 . 4 .  ( C o n t i n u e d ) .
-  297 -
{F31, BY). The n e x t ,  s m a l l e r ,  peak  t o  peak  v a l u e  w h ic h  i s  e q u a l  t o
0.45 i s  f o u n d  f o r  {G63, £15} and {G63, F31}.  A s i m i l a r  r e s u l t  ( n o t  
shown) was found f o r  {G63, D15). However f o r  th e  p a i r  {G63, C?) t h e  
peak to  peak v a lu e  i s  on ly  0.25 which  i s  no t  only  a very  sm al l  v a l u e  
but  a l s o  has  un iform d i s t r i b u t i o n .
R e f e r r i n g  t o  t a b l e  5.2 (a) ,  which shows some com pos i te  sequences 
and  t h e i r  c o m p o n e n t s  ( n o t e  t h a t  t h e  i n n e r  co m p o n en t  i s  l o n g e r  o r  
e q u a l  t o  t h e  o u t e r  c o m p o n e n t ) ,  t h e  n o r m a l i s e d  c r o s s - c o r r e l a t i o n  
f u n c t i o n  i s  c a l c u l a t e d  an d  p l o t t e d  i n  F i g u r e  5.5.  T h ree  m a in  t y p e s  
o f  c r o s s - c o r r e l a t i o n  f u n c t i o n  a r e  n o t i c e d  h e r e .  The f i r s t  one h a s  
r e l a t i v e l y  h i g h  v a l u e  w i t h  r e s p e c t  t o  t h e  o t h e r s  s u c h  a s  t h e  two 
p a i r s  {C7A3, B7A3} a n d  {D15A3, E15A3).  T h e i r  peak  t o  peak  v a l u e  
r e a c h e s  0.9. The s e c o n d  t y p e  h a s  a l o w e r  peak  t o  p e a k  v a l u e ,  e q u a l  
t o  0 .5 ;  such  a s  t h e  tw o  p a i r s  (E15B7; D15C7) and  {F31C7; 2B15B7).  
However, f o r  the  two p a i r s  {F31E15, F31D15) and {G63C7, G63B7}, the  
c r o s s - c o r r e l a t i o n  f u n c t i o n  i s  very  s m a l l ,  about  0.2, excep t  f o r  some 
" s p i k e s ” w h e r e  t h e y  r e a c h +0.5 a s  shown i n  t h e  F i g u r e .  The F i g u r e  
a l s o  shows t h a t  f o r  some p e r io d s  of  de lay  t h e  c r o s s - c o r r e l a t i o n  v a lu e  
i s  no t  only c o n s t a n t  but  of a very  sm a l l  va lue ,  n e a r l y  ze ro .  S i m i l a r  
r e s u l t s  were  found f o r  th e  p a i r  {F31C7, F31B7), (no t  shown i n  F ig u re  
5 . 5 ) .
F u r t h e r  e x a m i n a t i o n  h a s  b e e n  c a r r i e d  o u t  w i t h  r e s p e c t  t o  t h e  
r e l a t i o n s h i p  between the  i n n e r  and o u t e r  component of the  com posi te  
sequence and t h e i r  e f f e c t  on t h e  c r o s s - c o r r e l a t i o n  fu n c t i o n .  I t  was 
f o u n d  t h a t  i f  t h e  i n n e r  c o m p o n en t  i s  s h o r t e r  t h a n  t h e  o u t e r  
com ponen t ,  such  a s  t h o s e  i n  T a b l e  5.2 (b ) ,  some c o m p o s i t e  s e q u e n c e s  
show v e r y  low l e v e l  c r o s s - c o r r e l a t i o n  f u n c t i o n s ,  and some h a v e  no
-  )UP _
















a) C7A3, B7A3 b) D15A3, E15A3
SO20 40
0 2 5
c) E15B7, D15C7 d) F31C7, 2B15B7
Figure 5.5. Some normalised cross-correlation functions
of different composite sequences.
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f )  G63C7,  G63B7
F i g u r e  5 . 5  ( C o n t i n u e d )
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e f f e c t .  The c o m p o s i t e  s e q u e n c e s  {A3D15, A3E15}, (A3C7, A3B7} » and 
{B7E15, C7D15} a r e  the  codes hav ing  no e f f e c t .  The c r o s s - c o r r e l a t i o n  
f u n c t i o n  o f  t h e  l a t t e r  i s  shown i n  F i g u r e  5 .6 .  However ,  t h e  p a i r s  
{D15F31, E15F31},  {C7F31, B7F31) ,  and {C7G63, B7G63} show a
rem a rkab ly  low and un i fo rm  c r o s s - c o r r e l a t i o n  f u n c t i o n  f o r  most of  th e  
p e r i o d  ( l e s s  t h a n  0 .04)  e x c e p t  f o r  a v e r y  s h o r t  p e r i o d ,  w h e r e  t h e  
v a l u e s  r e a c h e s  ±.0.5 as  shown i n  F ig u re  5.6.
So i t  i s  c l e a r  now t h a t :
1) The c r o s s - c o r r e l a t i o n  f u n c t i o n  of  a p a i r  of com pos i te  sequences  i s  
m ain ly  dependent  on the  type of i t s  component sequences.
2) I f  t h e  o u t e r  co m p o n e n t  i s  l o n g e r  t h a n  t h e  i n n e r  c o m p o n en t  some 
com pos i te  sequences  show e x t re m e ly  low c r o s s - c o r r e l a t i o n  f u n c t i o n .
5 . 3 .2  A uto-C orrelatlon Function
The  a u t o - c o r r e l a t i o n  f u n c t i o n  r e f e r s  t o  t h e  d e g r e e  o f  
c o r r e s p o n d e n c e  b e t w e e n  a s i g n a l  o r  a s e q u e n c e  and  a p h a s e - s h i f t e d  
r e p l i c a  of i t s e l f ,  or a n o t h e r  i d e n t i c a l  one. Thus, e q u a t io n  5.5 can 
be r e w r i t t e n  a s :
L-1
Y ( t )  = Z(k) Z(k+i)
'  to
where i s  the  a u t o - c o r r e l a t i o n  f u n c t i o n  of the  sequence  Z.
By m a k in g  t h e  i n n e r  com ponen t  Uj = U2 = U and  t h e  o u t e r  c o m ponen t  
Vi=V2 =V, the  two com posi te  sequences  and Z2 w i l l  be th e  i d e n t i c a l  
s e q u e n c e ,  Z. The a u t o - c o r r e l a t i o n  f u n c t i o n  o f  t h i s  c o m p o s i t e  
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F i g u r e  5 . 6 .  Some n o r m a l i s e d  c r o s s - c o r r e l a t i o n  f u n c t i o n s
o f  d i f f e r e n t  c o m p o s i t e  s e q u e n c e s
-  30 2 -
f u n c t i o n  of  i t s  i n n e r  component U and o u t e r  component V f o r  % =%yn^,
\ = 0 , 1 , 2  . . .  ( n y - 1 ) ,  a s
Y-(T) = y (o) Y ( t ) 5.19Z U V V
S i m i l a r l y  e q u a t io n  5.12 becomes
5.20
f o r  0 < T < n - 1 ,  0 < T,, » and%=T t  +tv v  U U i  v u u
i . e .  f o r  0 n n -1
U V
And f o r  t h e  same r a n g e  t h e  a p e r i o d i c  a n d  odd a u t o - c o r r e l a t i o n  
f u n c t i o n  i s
^z(T) = 5.21
A l t e r n a t i v e l y ,  i t  i s  a l s o  p o s s i b l e  t o  e x p r e s s  t h e  a u t o - c o r r e l a t i o n  
f u n c t i o n  from e q u a t io n  5.17.
YgCr) z number  of  b i t  a g r e e m e n t s  -  number  of  b i t  d i s a g r e e m e n t
5.22
w h e r e  x= 0, 1, 2,  ..  n -1  and  t h e  s e q u e n c e  i s  c o m p a re d  b i t  by b i t  w i t h  
i t s e l f .
The n o rm a l i s e d  a u t o - c o r r e l a t i o n  f u n c t i o n  i s :
, , ,
^  t o t a l  number o f  sequence  b i t s  5 .23
Again he re  a compar ison  i s  made between the  a u t o - c o r r e l a t i o n  of  
some composi te  sequences  and t h e i r  component  sequences,  i . e .  w i th  a 
s t a n d a r d  maximal l e n g t h  sequence.  I t  i s  w e l l  known ty now t h a t  the  
a u t o - c o r r e l a t i o n  f u n c t i o n  o f  a m a x im a l  l e n g t h  s e q u e n c e  h a s  tw o  
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Figure 5.7. Normalised auto-correlation 
function of maximal length 
sequence of 31 bits.
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c o r r e l a t i o n  f u n c t i o n ,  as  shown i n  F ig u r e  5*7 f o r  a sequence of l e n g th  
31 b i t s ) .
However, th e  a u t o - c o r r e l a t i o n  f u n c t i o n  of  th e  com pos i te  sequence 
i s  d i f f e r e n t  f ro m  t h a t  o f  t h e  m a x im a l  l e n g t h  s e q u e n c e .  The same 
com pos i te  sequences  c o n s t r u c t e d  from t a b l e  5.1, which a r e  t a b u l a t e d  
i n  F i g u r e  5 . 2 ( a )  and (b ) ,  w e re  c h o s e n  t o  f i n d  o u t  t h e i r  a u t o ­
c o r r e l a t i o n  f u n c t i o n  and t h e i r  p r o p e r t i e s .  F i r s t ,  we take  t h e  case 
where th e  i n n e r  component i s  lo n g e r  th a n  the o u t e r  component a s  those  
i n  T a b l e  5 . 2 ( a ) .  F i g u r e  5.8 shows  t h e  a u t o - c o r  r e l a t i o n  f u n c t i o n  o f  
f o u r  d i f f e r e n t  composi te  sequences,  C7A3, E15C7, F31D15, and G63B7.
F or  t h o s e  o f  t a b l e  5 .2 (b )  w h e re  t h e  i n n e r  co m p o n en t  i s  s h o r t e r  
th a n  the  o u t e r  component such as ,  A3C7, C7D15, D15F31, and B7G63 a r e  
shown i n  F i g u r e  5.9.  And f o r  t h o s e  w h e r e  t h e  i n n e r  and o u t e r  
component a r e  equal  such a s  B7C7, C7B7, D15E15, and E15D15 a r e  shown 
i n  F i g u r e  5.10.
By c a r e f u l  e x a m i n a t i o n  of t h e  a b o v e  r e s u l t s  i n  F i g u r e s  5.8 t o  
5.10, s e v e r a l  i m p o r t a n t  p o i n t s  a re  n o t i c e d :
a)  F o r  e v e r y  i n n e r  c o m p o n e n t  s e q u e n c e  p e r i o d  n^ t h e r e  i s  one 
n e g a t iv e  peak t r i a n g l e  of am p l i t u d e  -n^.
b) The number  of  t h e  n e g a t i v e  t r i a n g l e s  i s  e q u a l  t o  t h e  p e r i o d  o f  
t h e  o u t e r  c o m ponen t  s e q u e n c e  m i n u s  one  i . e .  n ^ - l .  All  t h e s e  
n e g a t i v e  peaks a r e  of  equal  am pli tude .
c)  For  e v e r y  n^n^ t h e r e  i s  a m a x im a l  p o s i t i v e  peak  t r i a n g l e  o f  
a m p l i t u d e  n^n^.
d) F rom  z e r o  t h e  f i r s t  + n^ ,  t h e  a u t o - c o r  r e l a t i o n  f u n c t i o n s  
d i s t r i b u t i o n  d e p e n d s  on  t h e  i n n e r  co m p o n en t  s e q u e n c e  o n l y ,  and
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F i g u r e  5 . 8 .  Some n o r m a l i s e d  a u t o - c o r r e l a t i o n  f u n c t i o n  o f
d i f f e r e n t  c o m p o s i t e  s e q u e n c e s  ( U > V ) .










0 20 SO dO T









° ' Vo 35 0t s o 250
c) D15F31 d) B7B63
F i g u r e  5 . 9 .  Some n o r m a l i s e d  a u t o - c o r r e l a t i o n  f u n c t i o n s
o f  d i f f e r e n t  c o m p o s i t e  s e q u e n c e s  ( U< V) .
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Figure 5.10. Some normalised auto-correlation functions of
different composite sequences (U=V).
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no t on th e  o u t e r  component sequence.  F ig u re  5.11 i l l u s t r a t e s  t h i s  
p o i n t  v e r y  c l e a r l y .  From 0 t o  +n^  a. p o r t i o n  of  t h e  a u t o ­
c o r r e l a t i o n  f u n c t i o n  of  t h e  com pos i te  sequence C7G63 i s  p l o t t e d  
i n  F igu re  5.11(a). A s i m i l a r  f u n c t i o n  would be found f o r  C7F31, 
C7D15, C7E15, C7B7 and so on a s  l o n g  a s  t h e  i n n e r  c o m p o n en t  i s  
the same f o r  a l l  t h e se  composi te  sequences.  The same a p p l i e s  t o  
D15E15, F31D15; and G63C7 shown i n  F i g u r e  5 .1 1 (b )  (See  F i g u r e  
5 . 1 0 ( c ) ) ,  5 .1 1 (c )  (See F i g u r e  5 . 8 ( c ) ) ,  and 5 . 1 1 (d )  r e s p e c t i v e l y .  
So a c a r e f u l  c h o i c e  o f  t h i s  c o m p o n e n t  s e q u e n c e  may be 
a d v a n t a g e o u s  e s p e c i a l l y  i n  t h e  s y n c h r o n i s a t i o n  p r o c e s s  a t  t h e  
r e c e i v e r  end, where t h e  index  o f  d i s c r i m i n a t o r  shou ld  be a s  l a r g e  
a s  p o s s i b l e .  I t  i s  n o t i c e d  t h a t  t h e  s h o r t e r  t h e  i n n e r  s e q u e n c e  
t h e  l e s s e r  t h e  number  of  " z i g z a g s "  i n  t h i s  r e g i o n .  I t  i s  a l s o  
n o t i c e d  t h a t  i f  t h e  i n n e r  c o m ponen t  i s  s h i f t e d  by one  o r  m ore  
b i t s  f o r  a p a r t i c u l a r  com posi te  sequence a d i f f e r e n t  z i g z a g  form 
i s  p r o d u c e d  f r o m  0 t o  ±_n^ a s  shown i n  F i g u r e  5.12  (a t o  g)  f o r  
a l l  s h i f t s  of  a com pos i te  sequence B7C7 shown e a r l i e r  i n  F ig u re  
5 . 1 0 ( a ) .
e)  Between every  two s u c c e s s i v e  n^, w i th  th e  e x c e p t i o n  of  th e  f i r s t  
and the  l a s t  n^, t h e r e  i s  a  f l a t  a u t o - c o r r e l a t i o n  f u n c t i o n  which 
i s  e q u a l  t o  1 / n ^ n ^ ,  w h ic h  c o u l d  be c o n s i d e r e d  i n  g e n e r a l  t o  be 
o u t  of  p h a s e  a u t o - c o r r e l a t i o n  f u n c t i o n  s i m i l a r  t o  - 1 / L  f o r  
maximal l e n g t h  sequences.
f )  The maximum p o s i t i v e  peak which i s  equal  to  n^n^ a lways  s t a r t s  
and  e n d s  a t  a v a l u e  o f  1 / n ^ n ^  &t  ±.1 b i t  s h i f t  ( w h ic h  i s  t h e  same 
v a l u e  i n  e )  a b o v e ) .
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F i g u r e  5 . 1 1  Mor e  d e t a i l e d  n o r m a l i s e d  a u t o - c o r r e l a t i o n
f u n c t i o n  f o r  s e l e c t e d  c o m p o s i t e  s e q u e n c e s









Figure 5.12. Bit by bit normalised auto-correlation 
function variation due to shift of inner 
component, composite sequence is C7B7.
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g) S i n c e  t h e  p e r i o d  o f  t h e  c o m p o s i t e  s e q u e n c e  i s  e q u a l  t o  n^n^ ,  so 
to  g e t  h ig h e r  a m p l i tu d e  i n n e r  a u t o - c o r r e l a t i o n  t r i a n g l e  f u n c t i o n ,  
one can i n c r e a s e  n^ and d e c re a se  n^ (o r  v i c e  v e r s a )  k e e p in g  n^n^ 
unchanged. Also the  i n t e r v a l  between them could be i n c r e a s e d  o r  
de c re a se d  by d e c r e a s i n g  o r  i n c r e a s i n g  n̂ . r e s p e c t i v e l y .
h )  I f  t h e  c o m p o s i t e  s e q u e n c e  i s  a u t o - c o r r e l a t e d  w i t h  a n  i n v e r s e  
v e r s i o n  o f  i t s e l f ,  a n e g a t i v e  a u t o - c o r r e l a t i o n  f u n c t i o n  i s  
produced.  The i n v e r s e  v e r s i o n  of the com pos i te  sequence could  be 
g e n e r a t e d  s im ply  by i n v e r s i n g  t h e  o u t e r  component sequence only.
As h a s  b e e n  m e n t i o n e d  e a r l i e r ,  t h e r e  i s  no r e s t r i c t i o n  t o  u s e  o n l y  
m a x im a l  s e q u e n c e s  a s  c o m ponen t  s e q u e n c e s  t o  g e n e r a t e  c o m p o s i t e  
sequences.  Other sequences  such a s  Barke r  and Gold sequences  may be 
used  a s  w e l l ,  but t h e  e a r l i e r  s t a t e d  p r o p e r t i e s ,  or p a r t  o f  them a r e  
no lo n g e r  a p p l i c a b l e  s in c e  they were o b t a i n e d  f o r  composi te  sequences  
g e n e r a t e d  from maximal l e n g t h  sequences.  F ig u re  5.13 shows t h e  a u to ­
c o r r e l a t i o n  f u n c t i o n s  o f  some c o m p o s i t e  s e q u e n c e s  g e n e r a t e d  f r o m  
Barke r  code a s  an i n n e r  and o u t e r  component. Very few B a rk e r  codes 
a r e  known [ 1 6 ] ,  a s  l i s t e d  i n  T a b l e  5.3,  and  some p o s s i b l e  r e l a t e d  
com pos i te  sequences  a r e  t a b u l a t e d  i n  Table  5.4. From F ig u r e  5.13 and 
c l o s e  e x a m i n a t i o n  of  many o t h e r  a u t o - c o r r e l a t i o n  f u n c t i o n s  o f  
c o m p o s i t e  s e q u e n c e s  c o n s t r u c t e d  f r o m  B a r k e r  code  c o m p o n e n t ,  t h e  
f o l l o w i n g  p o i n t s  were n o t i c e d ;
a)  The e a r l i e r  p r o p e r t i e s  a r e  s t i l l  a p p l i c a b l e  t o  some B a r k e r  
composi te  sequences such a s  L11K7, K7L11, J5L7, and M13L11 ( the  
l a t e r  i s  shown i n  F i g u r e  5 . 1 3 a ) ,  o r  i n  g e n e r a l  any c o m p o s i t e  
s e q u e n c e  whose o u t e r  c o m p o n en t  i s  a B a r k e r  code  w h i c h  h a s  a n




l e n g t h
Sequence
0 or
+ 1 Z  + 
— 1 = —
H3 3 + + — «
14 4 + + + -  .
J5 5 + + + - + -
K7 7 + + + - -  +
L l l 11 + + + — — —+ — — + — ,
M13 13 + + + + + + — — + + .
Table 5 .3 Barker  codes  [1 8 ] ,
-  3 1 3  -
C. Sequence 
Symbol






H3I4 H3 14 12
I4H3 14 H3 12
I4J5 14 J5 20
J5I4 J5 14 20
I4L11 14 L l l 44
LI 114 L l l 14 44
J5L11 J5 L l l 55
L11J5 L l l J5 55
J5ML3 J5 M13 65
M13J5 M13 J5 65
K7LH K7 L l l 77
L11K7 L l l K7 77
L11ML3 L l l M13 143
M13L11 M13 L l l 143
Table 5 .4 .  Some p o ss ib le  composite sequences generated  
from Barker codes
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Figure 5.13. Some normalised auto-correlation functions
of composite sequences generated from Barker 
codes.
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a u t o - c o r r e l a t i o n  f u n c t i o n  s i m i l a r  to t h a t  f a m i l i a r  one shown i n  
F i g u r e  5 .1 4 (a )  f o r  a H3, K7, an d  L l l .  These  c o d e s  a r e  v e r y  
s i m i l a r  to  t h e  maximal l e n g t h  codes.
b) I f  the  o u t e r  component sequence h a s  an a u t o - c o r r e l a t i o n  f u n c t i o n
su ch  a s  t h a t  shown i n  F i g u r e  5 .1 4 (b )  f o r  a J5  and M13» w h e r e  t h e  
o u t - o f - p h a s e  a u t o - c o r r e l a t i o n  f u n c t i o n  i s  + 1 /L  i n s t e a d  o f  - 1 / L ,  
t h e  i n n e r  t r i a n g l e  a u t o - c o r  r e l a t i o n  f u n c t i o n  i n v e r t e d  t o  p o s i t i v e  
i n s t e a d  of  n e g a t i v e  a s  shown i n  F i g u r e  5 .1 3 (b )  f o r  a L11J5 
com pos i te  sequence.  Most o t h e r  p r o p e r t i e s  r e m a in  a p p l i c a b l e .
c )  For  t h o s e  o u t e r  com ponen t  c o d e s  w hose  o u t - o f - p h a s e  a u t o ­
c o r r e l a t i o n  f u n c t i o n  i s  z e r o ,  such  a s  14,  w h ic h  i s  shown i n  
F ig u re  5 , 14(c),  the  a u t o - c o r r e l a t i o n  f u n c t i o n  of  t h e i r  com posi te  
sequence  shows no i n n e r  t r i a n g l e  c o r r e l a t i o n  f u n c t i o n s ,  as  shown 
i n  F i g u r e  5.13 ( c , d )  f o r  J 5 I 4  and  L11I4  c o m p o s i t e  s e q u e n c e s  
r e s p e c t i v e l y .
The r e a s o n  f o r  th e se  d i f f e r e n c e s  i s  ve ry  obvious.  I t  i s  r e l a t e d  
t o  t h e  t y p e  o f  B a r k e r  code  u s e d  a s  an  o u t e r  c o m p o n en t  of  t h e
c o m p o s i t e  s e q u e n c e ,  and m o re  p r e c i s e l y  on i t s  o u t - o f - p h a s e  a u t o ­
c o r r e l a t i o n  f u n c t i o n ,  because  t h i s  v a l u e  i s  to  be m u l t i p l i e d  by th e  
i n - p h a s e  a u t o - c o r  r e l a t i o n  f u n c t i o n  of  the  i n n e r  component sequence t o  
fo rm  t h e  f i n a l  a u t o - c o r r e l a t i o n  f u n c t i o n .  As f a r  a s  t h e  c r o s s ­
c o r r e l a t i o n  f u n c t i o n  o f  B a r k e r  com ponent  sequence i s  concerned,  no 
p a r t i c u l a r  d i f f e r e n c e s  were  found compared w i t h  the  e a r l i e r  maximal 
com pos i te  sequences.












Figure 5.14. Normalised auto-correlation functions 
of different Barker codes.
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5.3 3 Power S p e c t r a l  D ens i ty
The m o s t  s t r a i g h t f o r w a r d  m e th o d  o f  c a l c u l a t i n g  t h e  power  
s p e c t r a l  d e n s i t y  of  a p a r t i c u l a r  s i g n a l  i s  from i t s  a u t o - c o r r e l a t i o n  
f u n c t i o n  a s  s e e n  e a r l i e r .  The a u t o - c o r r e l a t i o n  f u n c t i o n  and  t h e  
power s p e c t r a l  d e n s i t y  a r e  r e l a t e d  by:
Y(T) = f  S(w) ê ""̂  df
and
S(o)) =  e di
w h e r e  y ( t) i s  t h e  a u t o - c o r r e l a t i o n  f u n c t i o n  and S ( f )  i s  t h e  power  
s p e c t r a l  d e n s i t y  o f  t h e  s i g n a l  i n  w a t t s / H z ,  T h i s  r e l a t i o n s h i p  i s  
known as  t h e  W iener -K h in tch ine  theorem [25].
The p ro ces s  of g e n e r a t i n g  the composi te  sequence i s  s i m i l a r  t o  
t h e  p r o c e s s  o f  m o d u l a t i n g  a h i g h  s p e e d  b i n a r y  s p r e a d i n g  code  by a 
known low r a t e  b ina ry  da ta  u s in g  sequence i n v e r s i o n  key ing  m o d u la t ion  
SIK. The t r a n s m i s s i o n  bandwidth i s  a d i r e c t  f u n c t i o n  of  t h e  code b i t  
r a t e .  Code r e p e t i t i o n  r a t e  i s  a l s o  a f u n c t i o n  o f  b i t  r a t e ,  t h a t  i s  
code r e p e t i t i o n  r a t e ,
Clock r a t e  i n  b i t s  per  second
R = -----------------------  — - ----
^ Code l e n g t h  i n  b i t s
T h i s  r e p e t i t i o n  r a t e  d e t e r m i n e s  t h e  l i n e  s p a c i n g  i n  t h e  r a d i o  
f r e q u e n c y  o u t p u t  s p e c t r u m  and  i s  a n  i m p o r t a n t  c o n s i d e r a t i o n  i n  a 
system des ign.  Dixon [15) s t a t e d  t h a t  i t  i s  a d v i s a b l e  t h a t  a d i r e c t
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s e q u e n c e  s y s t e m ' s  code r e p e t i t i o n  r a t e  be a d j u s t e d  by c h o o s i n g  a 
s a t i s f a c t o r y  code l e n g t h  so t h a t  i t  w i l l  n o t  l i e  i n  the  i n f o r m a t i o n  
band.  O t h e r w i s e ,  u n n e c e s s a r y  n o i s e  w i l l  be p a s s e d  i n t o  t h e  
i n f o r m a t i o n  dem odula to rs ,  e s p e c i a l l y  u n d e r  jammed c o n d i t i o n s .  The 
s p a c e  b e t w e e n  t h e  l i n e s  i s  n a r ro w  when t h e  r e p e t i t i o n  r a t e  o f  t h e  
code i s  low and v i c e - v e r s a .
F o r  a c o m p o s i t e  s e q u e n c e ,  t h e  i n n e r  co m p o n en t  c o u l d  be 
co n s id e re d  or  t r e a t e d  a s  a b ina ry  s p r e a d in g  code i n  a d i r e c t  sp r e a d  
spec trum sys tem, and t h e  o u t e r  component a s  a  b ina ry  i n f o r m a t i o n  or  
data.  I t s  r e p e t i t i o n  r a t e  c l e a r l y  depends on the  l e n g t h  and r a t e  of  
t h e  i n n e r  c o m p o n e n t  s e q u e n c e  l e n g t h  a s  w e l l  a s  i t s  own l e n g t h .  
Perhaps  n o th in g  can be done w i t h  r e s p e c t  t o  th e  r a t e  of  the component 
code because  t h i s  d e t e r m in e s  t h e  bandwidth of  t h e  o v e r a l l  t r a n s m i t t e d  
s p r e a d  s p e c t r u m  s y s t e m  and  p e r h a p s  t h e  t r a n s m i t t e d  c h a n n e l .  
T h e re fo re  and a c c o r d in g  t o  t h e  f i r s t  p o in t  r a i s e d  above,  one needs t o  
h a v e  a c a r e f u l  s e l e c t i o n  of  t h e  i n n e r  and  o u t e r  com ponen t  s e q u e n c e  
l e n g t h s .  O r m o n d r o y d  a n d  S h i p t o n  [ 1 9 ]  h a v e  s h o w n  t h a t  i f  a 
c o n v e n t io n a l  n o n - s p re a d  spec trum r e c e i v e r  has  s u f f i c i e n t  s e l e c t i v i t y  
and  d y n a m ic  r a n g e ,  i t  c a n  be u s e d  t o  r e c e i v e  t h e  s p r e a d  s p e c t r u m  
i n f o r m a t i o n  i n  a d i r e c t  s e q u e n c e  s y s t e m  by s c a n n i n g  t h e  r e c e i v e r  
a c r o s s  t h e  main lobe  bandwidth i f  th e  f o l l o w i n g  r e l a t i o n s h i p  i s  h e ld  
f o r  the s p read  spec trum sys tem:
^ fmax ^  1/LA 5.24(a)
w h e r e  f ^ ^ x  1^ t h e  maximum f r e q u e n c e  c o m p o n en t  of  t h e  i n f o r m a t i o n .  
This  i s  shown c l e a r l y  i n  F ig u re  5.15(a).  So w i t h o u t  any knowledge of 
the  s p r e a d in g  code one can d e t e c t  the d a ta  i f  o p e r a t e d  i n  the common
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a) Direct-sequence with contiguous sidebands





b) Direct-sequence with non-contiguous sidebands.
Figure 5.15. Power spectral density of direct- 
sequence [19].
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b a n d w i d t h .  T h e r e f o r e  t h i s  t y p e  o f  t r a n s m i s s i o n  i s  n o t  s e c u r e .  
However, F ig u re  5.15(b) shows a spec t rum  where :
2 f ^ a x  > 1/LA 5.24(b)
i n  which the  s idebands  now o ve r la p  c o n s i d e r a b l y ,  which make i t  v e ry  
d i f f i c u l t  t o  a  c o n v e n t i o n a l  r e c e i v e r  t o  r e c e i v e  t h e  i n f o r m a t i o n  
w i t h o u t  knowledge of the  s p r e a d in g  code. Th is  i s  m a in ly  because of 
th e  a l i a s i n g  n o ise  due t o  t h e  s idebands  o v e r l a p p in g ,  which l e a v e s  t h e  
t r a n s m i s s i o n  t o  be s e c u r e .  A l -R aw as  [ 2 0 ]  h a s  shown s e v e r a l  
e x p e r i m e n t a l  power s p e c t r a l  d e n s i t i e s  f o r  d i f f e r e n t  maximal sequence 
l e n g t h s  unmodula ted  and modula ted  w i t h  da ta ,  some of h i s  r e s u l t s  a r e  
shown i n  F i g u r e  5.16.  The r a t e  o f  t h e  s p r e a d i n g  code  i s  10  k b p s  and  
t h e  d a t a  r a t e  i s  1 1 0  b p s .  F i g u r e  5 . l 6 ( a , b )  s a t i s f i e s  t h e  
r e l a t i o n s h i p  5.24(a) f o r  sequence l e n g t h s  o f  15 and 31 r e s p e c t i v e l y ,  
the  s idebands  of the d a t a  a r e  c l e a r l y  no t  seen  o v e r l a p p in g  a s  th o s e  
of  F ig u re  5 . l6 (c ,d )  f o r  sequence l e n g t h s  o f  63 and 511 r e s p e c t i v e l y ,  
where th e  r e l a t i o n s h i p  5.24(b) i s  m a i n t a i n e d .  The o t h e r  n o t i c e a b l e  
p o i n t  of  F ig u re  5.16, i s  t h a t  a s  t h e  code l e n g t h  i n c r e a s e s ,  th e  power 
s p e c t r a l  d e n s i t y  becom es  c l o s e r  t o  a  w h i t e  n o i s e  pow er  s p e c t r a l  
d e n s i t y .
I t  i s  t h e r e f o r e  a l s o  i m p o r t a n t  t o  t a k e  t h i s  p o i n t  i n t o  
c o n s i d e r a t i o n  when d e s i g n i n g  a d i r e c t  s e q u e n c e  s y s t e m  u s i n g  a 
com pos i te  sequence.  Again t h e  o u t e r  component sequence i s  in v o lv e d  
because  i t  i s  n^ s lower  tha n  th e  i n n e r  component sequence and i t  i s  
c o n s i d e r e d  t o  be s i m i l a r  t o  t h e  b i n a r y  i n f o r m a t i o n  o r  d a t a  j u s t  
d e s c r ib e d .
The power s p e c t r a l  d e n s i t y  of  d i f f e r e n t  com posi te  sequences  a r e  
shown i n  F igu re  5.17. These a r e  c a l c u l a t e d  from th e  a u t o - c o r r e l a t i o n

















c » ~ 1
0) O
3 n3 fM




















































































































30 ) I 050 70 90






 L .| J -j 1 j. j---
4----
— +






Figure 5.17. Borne normalised power spectral density of dif­
ferent composite sequences and their auto­
correlation functions.



















F i g u r e  5 . 1 7  ( C o n t i n u e d ) .
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f u n c t i o n  of  t h e i r  com pos i te  sequences them s e lv e s .  The g e n e r a l  shapes  
of t h e se  power s p e c t r a l  d e n s i t i e s  have th e  form of the s i n e  f u n c t i o n .  
The s p a c e  b e t w e e n  t h e  l i n e s  a r e  w id e  f o r  s h o r t  c o d e s  a s  show n i n  
F ig u re  5.17 (a,b) f o r  C?A3 and ABC? com posi te  sequences  r e s p e c t i v e l y .  
When t h e  s e q u e n c e  l e n g t h  i n c r e a s e s  a s  i n  (c,  d, e) f o r  B7D15, D15C7 
and F31C7 r e s p e c t i v e l y  the s p e c t r a  becomes c l o s e r  t o  the  n o i s e  l i k e  
s p e c t r a .  The n u l l  t o  n u l l  b a n d w i d t h  i s  t w i c e  t h e  b i t  r a t e  o f  t h e  
i n n e r  component sequence.
5.4 RECEPTION OF THE COMPOSITE SEQUENCE
I t  i s  i m p o r t a n t  f o r  any sp read  spec t rum  r e c e i v e r  t o  s y n c h ro n i s e  
and t r a c k  t h e  incoming s i g n a l ,  and codes  used  f o r  t h i s  purpose  shou ld  
have two im p o r t a n t  p r o p e r t i e s .  The f i r s t  one i s  t h a t  th e  a c q u i s i t i o n  
t i m e  s h o u l d  be a s  s h o r t  a s  p o s s i b l e  so  t h a t  a s  l i t t l e  d a t a  a s  
p o s s i b l e  i s  l o s t ,  d u r in g  s y n c h r o n i s a t i o n  and a l s o  when the  phase of  
t h e  r e c e i v e d  s e q u e n c e  i s  b e i n g  t r a c k e d .  The s e c o n d  one  i s  t h a t  i t  
must be p o s s i b l e  f o r  the  sequence t o  be r e c o v e r e d  i n  ve ry  low s ig n a l  
t o  n o i s e  r a t i o s  which,  a s  shown p r e v i o u s l y  m ig^t  be a s  low a s  -30dB.
I f  c o n v e n t i o n a l  l o o p s  f o r  s y n c h r o n i s a t i o n  s u c h  a s  t h e  d e l a y  
l o c k  l o o p  a n d  T a u - d i t h e r  l o o p  a r e  t o  be u s e d  t o  a c q u i r e  
s y n c h r o n i s a t i o n  t o  th e  whole composi te  sequence ,  the  a c q u i s i t i o n  t im e  
w i l l  be very  long,  when a lo n g  com pos i te  sequence i s  used. This  may 
a p p e a r  t o  be c o n t r a d i c t o r y  t o  one of  t h e  m a in  r e a s o n s  why t h e  
c om posi te  sequence i s  used  and t h a t  i s  t o  m in im ise  t h e  a c q u i s i t i o n  
t i m e  o f  s y n c h r o n i s a t i o n .  So m o d i f i c a t i o n s  t o  t h e  e x i s t i n g  
s y n c h r o n i s a t i o n  t e c h n i q u e s  a r e  n e c e s s a r y  to  en a b le  them to  r e c e i v e  
the  com posi te  sequences  i n  s h o r t  a c q u i s i t i o n  t ime.
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Two d i f f e r e n t  k inds  of  t e c h n iq u e s  w i l l  be p r e s e n t e d  here ,  which 
t a c k l e  the ^ n c h r o n i s a t i o n  problem of a composi te  sequence.
5.4.1 Rapid A c q u i s i t i o n  Using P a s s i v e  C o r r e l a t o r s
The im p o r t a n t  p a r a m e te r s  of the des ign  of a matched f i l t e r  f o r  
any s e q u e n c e  a r e  t h e  t i m e  d e l a y  r e q u i r e d  f o r  t h e  f i l t e r  and  i t s  
b a n d w i d t h .  These  two p o i n t s  a r e  r e l a t e d  t o  t h e  d u r a t i o n  of  one 
p e r i o d  o f  t h e  s e q u e n c e  and  i t s  c h i p - r a t e  r e s p e c t i v e l y .  I f  a 
c o n v e n t io n a l  sequence i s  to  be used w i t h  a p e r io d  n^ c h ip  and a c h ip -  
r a t e  o f  T^ s e c o n d ,  we need  a m a t c h e d  f i l t e r  h a v i n g  a b a n d w i d t h  of  
1/Ty and a delay  of n^T^ second. The c a p a b i l i t i e s  of c u r r e n t  s u r f a c e  
a c o u s t i c  wave d e v ic e s  do not  p e r m i t  th e  use of  lo n g  sequences  a n d /o r  
very h igh  c h i p - r a t e  [21, 22].
However ,  a l o n g  c o m p o s i t e  s e q u e n c e  i s  made o f  tw o  (o r  m ore )  
s h o r t  component sequences,  and the c h i p - r a t e  of the o u t e r  component 
i s  much s l o w e r  t h a n  t h e  i n n e r  com ponen t  s e q u e n c e  and  t h e  n e t  c l o c k  
r a t e  of  t h e  c o m p o s i t e  s e q u e n c e .  T h i s  m akes  t h e  u se  o f  t h e  s u r f a c e  
a c o u s t i c  wave matched f i l t e r  f o r  a com posi te  sequence more l i k e l y  and 
r e g a i n s  the  advantage  of i t s  r a p i d  a c q u i s i t i o n  p r o p e r t i e s .  However, 
t h e s e  SAW d e v ic e s  cannot  work under  very low s i g n a l  t o  n o i s e  r a t i o s  
b e c a u s e  o f  d y n am ic  r a n g e  p r o b l e m s ,  and  t h i s  i s  c o n s i d e r e d  a m a j o r  
d i s a d v a n ta g e ,  which i s  d i f f e r e n t  from an a c t i v e  c o r r e l a t o r ,  a s  w i l l  
be seen  i n  the  next  s e c t i o n .
C o n s i d e r  a c o m p o s i t e  s e q u e n c e  Z c o n s t r u c t e d  f ro m  an i n n e r  
component sequence U of p e r io d  n^ and an o u t e r  component sequence  V 
o f  p e r i o d  n^. The c h i p - r a t e  o f  t h e  c o m p o s i t e  s e q u e n c e  r a t e  i s  t h e  
same a s  t h a t  o f  t h e  i n n e r  com ponen t  s e q u e n c e  r a t e ,  and  l e t  i t  be
d e n o t e d  by l / T ^  c h i p s  p e r  second .  The o u t e r  c o m p o n en t  r a t e  i s  t h e n
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e q u a l  t o  1 / n ^ T ^  c h i p s  p e r  seco n d .  The o v e r a l l  p e r i o d ,  n ^ , of  t h e  
composi te  sequence Z i s  equal  to ,  n^n^, chips.
F ig u r e  5.18(a) shows a b lock  diagram of a sugges ted  te c h n iq u e  by 
Bea le  [23],  used t o  r e c e i v e  a composi te  sequence.  I t  c o n s i s t s  of two 
c a s c a d e d  m a t c h e d  f i l t e r s ,  one f o r  each  o f  t h e  co m p o n en t  s e q u e n c e .  
The f i r s t  one i s  t o  s y nch ron ise  the  i n n e r  component sequence,  w h i l e  
t h e  s e c o n d  one i s  t o  s y n c h r o n i s e  t h e  o u t e r  co m p o n en t  s e q u e n c e .  I n  
t h i s  way,  t h e  r e s t r i c t i o n  o f  u s i n g  one  m a t c h e d  f i l t e r  f o r  a 
c o n v e n t i o n a l  l o n g  s e q u e n c e  i s  o v e rc o m e .  More i m p o r t a n t l y ,  t h e  
a c q u i s i t i o n  t im e  i s  reduced  c o n s i d e r a b l y .  T h i s  c o u l d  be e x p l a i n e d  
and unde r s to o d  e a s i l y  i n  t h e  f o l l o w i n g  nu m e r ica l  example.
L e t  t h e  i n n e r  c o m p o n en t  s e q u e n c e  p e r i o d  n^=255 c h i p s ,  and  t h e  
o u t e r  co m p o n en t  s e q u e n c e  p e r i o d  ny=63 c h i p s .  Thus t h e  c o m p o s i t e  
s e q u e n c e  p e r i o d  n g = l6 0 6 5  c h i p s .  L e t  a l s o  t h e  i n n e r  c o m ponen t  
s e q u e n c e  r a t e  1 / T ^ z l 5 0  MHz o r  T^=6.667 n s  (w h ich  i s  e q u a l  t o  t h e  
c h i p - r a t e  o f  t h e  c o m p o s i t e  s e q u e n c e ) .  So t h e  o u t e r  co m p o n en t  
s e q u e n c e  c h i p - r a t e  n^T^=1.7Ps.  The f i r s t  m a t c h e d  f i l t e r  f o r  t h e  
i n n e r  co m p o n en t  U n e e d s  t o  p r o v i d e  a d e l a y  of  n ^ T ^ = 1 . 7 w i t h  a 
b a n d w i d t h  of  150MHz. The s e c o n d  m a t c h e d  f i l t e r  f o r  t h e  o u t e r  
component V needs to  p rov ide  a de lay  of n^n^T^=107ps w i t h  a much l e s s  
bandwidth  of  l /n^T^=588 kHz only.  Both of  the se  matched f i l t e r s  can 
be d e s i g n e d  u s i n g  s u r f a c e  a c o u s t i c  wave d e v i c e s .  B u t  i f  a s i n g l e  
matched f i l t e r  i s  used f o r  a con v en t io n a l  sequence of p e r io d  n^=i6065 
and  a c h i p - r a t e  =150MHz, i t  i s  r e q u i r e d  t o  p r o v i d e  a d e l a y  o f  1 07ps 
over  a l a r g e  bandwidth of 150 MHz, which i s  beyond t h e  c a p a b i l i t y  of 
c u r r e n t  techno logy  [22].
Charge  c o u p l e d  d e v i c e  (CCD) t a p p e d  d e l a y  l i n e s  can  be made t o  
perform matched f i l t e r i n g  i n  the same way as  s u r f a c e  a c o u s t i c  wave
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Figure 5.18. Reception of composite sequence 
using passive correlator [13].
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d e v i c e s  excep t  i n  over d i f f e r e n t  range  of t i m e  delay  and bandwidths.  
Most p r a c t i c a l  charge coupled  d e v ic e s  a r e  l i m i t e d  t o  a bandwidth o f  
lOMHz w hereas  s u r f a c e  a c o u s t i c  d e v i c e s  can be much w ider .  But a s  f a r  
a s  t h e  d e l a y  i s  c o n c e r n e d ,  t h e  s u r f a c e  a c o u s t i c  wave d e v i c e s  a r e  
l i m i t e d  t o  a b o u t  100  s e c  d e l a y ,  w h e r e a s  c h a r g e  c o u p l e d  d e v i c e s  c an  
ach ieve  up t o  1 sec. of de lay  [21]. T he re fo re ,  and because the delay  
and bandwidth a s s o c i a t e d  w i t h  th e  o u te r  component sequence V a r e  lo n g  
and low r e s p e c t i v e l y ,  Beale [23]  has  s u g g e s t e d  a p o s s i b i l i t y  of u s in g  
a c h a r g e  c o u p l e d  d e v i c e  a s  a r e p l a c e m e n t  o f  t h e  s e c o n d  s u r f a c e  
a c o u s t i c  wave matched f i l t e r  of  F ig u re  5.18(a) . This  h y b r id  form of 
com posi te  sequence r e c e i v e r  i s  i l l u s t r a t e d  i n  F ig u re  5.18(b).
As mentioned  e a r l i e r ,  the  s u r f a c e  a c o u s t i c  wave matched f i l t e r  
c a n  o n l y  w ork  w i t h  r e l a t i v e l y  h ig h  i n p u t  s i g n a l  t o  n o i s e  r a t i o .  A 
t y p i c a l  e x a m p le  o f  -8dB i s  g i v e n  by B a i e r ,  D o s t e r t  and  P a n d i t  [ 2 4 ] .  
T h e r e f o r e  an  a l t e r n a t i v e  t e c h n i q u e  w i l l  be p r e s e n t e d  i n  t h e  n e x t  
s e c t i o n  t o  r e c e i v e  the  com posi te  sequence.
5.4.2 Rapid A c q u i s i t i o n  Using  A c t iv e  C o r r e l a t o r
I n s t e a d  of  u s i n g  p a s s i v e  c o r r e l a t o r s  s u c h  a s  s u r f a c e  a c o u s t i c  
wave matched f i l t e r  w i th  i t s  l i m i t e d  i n p u t  s i g n a l  to  n o ise  r a t i o ,  and 
s h o r t  a c q u i s i t i o n  t ime,  an a c t i v e  c o r r e l a t o r  w i l l  be p r e s e n te d  h e r e  
i n  o r d e r  to  r e c e i v e  t h e  com pos i te  sequence under c o n s id e r a t i o n .
The delay lo c k  loop ,  which  u s e s  a c t i v e  c o r r e l a t o r s  i s  cons ide red  
t o  be a v e r y  p o w e r f u l  d e v i c e  t o  r e c e i v e  a b i n a r y  s p r e a d  s p e c t r u m  
s i g n a l  u n d e r  v e r y  low i n p u t  s i g n a l  t o  n o i s e  r a t i o  (down t o  -3 0  dB). 
But i t s  a c q u i s i t i o n  t im e  becomes lo n g  i f  a lo n g  pseudonoise  sequence 
i s  u sed .  However,  t h e  a c q u i s i t i o n  t i m e  of  a DLL can be r e d u c e d  
c o n s i d e r a b l y  by u s i n g  a m o d i f i e d  v e r s i o n  o f  t h e  d e l a y  l o c k  l o o p  a s
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d i s c u s s e d  i n  Chapter  3- For a 2- a d e lay  l o c k  lo o p  of  damping f a c t o r  
0 .707 ,  t h e  a c q u i s i t i o n  t i m e  i s  r e d u c e d  by a r a t i o  o f  a p p r o x i m a t e l y  
2.55,  and h i g h e r  i f  th e  damping r a t i o  i s  a l s o  swi tched .
However, f u r t h e r  r e d u c t i o n s  i n  a c q u i s i t i o n  t ime  a r e  p o s s i b l e  i f  
t h e  m a x im a l  l e n g t h  s e q u e n c e  i s  r e p l a c e d  by a c o m p o s i t e  s e q u e n c e  
which i s  c o n s t r u c t e d  from two o r  more s h o r t  component sequences.  For 
example,  a 32385 b i t  com pos i te  sequence (which i s  t h e  n e a r e s t  t o  2^^-  
1) can be c o n s t r u c t e d  from 127 and 255 b i t  maximal l e n g t h  component 
s e q u e n c e s  ( 2 ? - l  and 2® -l  r e s p e c t i v e l y ) .  I f  t h e  i n n e r  c o m p o n e n t  
s e q u e n c e  i s  c h o s e n  t o  be t h e  127 b i t s ,  t h a t  m eans  i t  i s  255 t i m e s  
s h o r t e r  tha n  th e  o v e r a l l  com pos i te  sequence.
T here fo re ,  i f  a m o d i f i e d  de lay l o c k  l o o p  i s  used t o  r e c o v e r ,  a s  
a f i r s t  s t e p ,  t h e  i n n e r  c o m ponen t  s e q u e n c e  o n l y ,  f o l l o w e d  by r a p i d  
r e c o v e r y  of  t h e  o u t e r  com ponen t  s e q u e n c e ,  a s  w i l l  be e x p l a i n e d  
s h o r t l y ,  i t  i s  p o s s i b l e  t o  r e c o v e r  t h e  w h o l e  c o m p o s i t e  s e q u e n c e  
n e a r l y  255x2 .55= 650  t i m e s  f a s t e r  tha n  a co n v e n t io n a l  sequence  of the  
same l e n g t h  u s i n g  t h e  c o n v e n t i o n a l  d e l a y  l o c k  1 oop o n l y , and ,  a l s o  
g a i n i n g  i t s  a d v a n t a g e  o f  v e r y  low i n p u t  s i g n a l  t o  n o i s e  r a t i o  
c a p a b i l i t y .
F i g u r e  5.19 shows a b l o c k  d i a g r a m  of  t h e  p r o p o s e d  r e c e i v e r  t o  
r e c e i v e  the  composi te  sequence.  The f i r s t  p a r t  i s  a m o d i f i e d  delay 
l o c k  l o o p  w h ic h  l o c k s  and  t r a c k s  t h e  i n n e r  c o m p o n en t  s e q u e n c e  U of  
p e r i o d  n^. The p h a s e  i n v e r s i o n s  of  t h i s  code due t o  t h e  o u t e r  code  
a r e  removed i n  t h e  same way as  removing d a t a  i n  a c o n v e n t io n a l  d a t a  
modula ted  sp read  spec trum system. Once s y n c h r o n i s a t i o n  i s  ach ieved ,  
and due t o  t h e  high p ro c e s s  g a i n  of  t h e  de lay  lo c k  (where Gp = b i t
r a t e  o f  U / b i t  r a t e  o f  B, which g iv e s  Gp t i m e s  h ig h e r  o u tp u t  s i g n a l  t o
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data a t  RF,
Figure 5.19. Reception of composite sequence 
using active correlator.
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n o ise  r a t i o  tha n  th e  in p u t  s ig n a l  to no ise  r a t i o )  t h e  ou tp u t  s i g n a l ,  
a t  p o i n t  (A) i n  F i g u r e  5.19,  i s  now much c l e a n e r  b e c a u s e  of  t h e  
improvement  i n  s i g n a l  to no ise  r a t i o  due t o  t h e  h igh p ro c e s s  g a i n  Gp, 
and  c o n t a i n s  t h e  b i t s  of  th e  o u t e r  c o m ponen t  s e q u e n c e  V, w h i c h  a r e  
ready to  be loa ded  i n t o  t h e  o u te r  component sequence g e n e r a t o r  e i t h e r  
by RASE ( r a p i d  a c q u i s i t i o n  by s e q u e n t i a l  e s t i m a t i o n  [ 5 ] )  o r  RARASE 
( r a p i d  a c q u i s i t i o n  a i d e d  s e q u e n t i a l  e s t i m a t i o n  [ 6 ] ) .  Those 
te ch n iq u es ,  u s u a l l y  make the e s t i m a t e  of the  f i r s t  n r e c e i v e d  b i t s ,  
l o a d s  th e  l o c a l  sequence g e n e r a t o r  w i th  t h a t  e s t i m a t e ,  and from t h a t  
moment the sequence g e n e r a to r  a s  w e l l  a s  the  t r a c k i n g  c i r c u i t  s t a r t  
f u n c t i o n i n g .  T h i s  p r o c e s s  t a k e s  n^T^ s e c . ,  w h ic h  i s  c o n s i d e r e d  a 
very  s h o r t  t im e  indeed  i f  compared w i t h  the  a c q u i s i t i o n  t im e  r e q u i r e d  
by o th e r  c o n v en t io n a l  t e c h n iq u e s  f o r  such lo n g  sequences  h av in g  poor 
s i g n a l  t o  n o i s e  r a t i o .  The t r a c k i n g  w i l l  c o n t i n u e  i f  t h e  c h e c k  o f  
t h a t  e s t i m a t e  i s  p o s i t i v e ,  which i s  per fo rm ed  by c r o s s - c o r r e l a t i n g  
t h e  i n p u t  s i g n a l  and  t h e  l o c a l  code  s e q u e n c e ,  and  no f u r t h e r  a c t i o n  
i s  t a k e n .  However ,  i f  t h e  c h e c k  i s  n e g a t i v e  w h ic h  i n d i c a t e s  a n  
i n c o r r e c t  e s t i m a t e  was made, a  new e s t i m a t e  of the  i n p u t  s i g n a l  b i t s  
should  be made, lo aded  and t r ac k ed .  This  p r o c e s s  i s  co n t in u e d  u n t i l  
the  f i n a l  c o r r e c t  e s t i m a t e  i s  ob ta ined .
I t  may seem, a t  the  f i r s t  i n s t a n t ,  t h a t  t h i s  p ro c e s s  t a k e s  t im e ,  
and  i n d e e d  i t  may do so i f  t h e  s i g n a l  t o  n o i s e  r a t i o  a t  p o i n t  A i s  
poor.  But  o b v i o u s l y  i t  i s  n o t ,  s i n c e  t h e  i n p u t  t o  e i t h e r  o f  t h e s e  
te c h n iq u e s  a t  p o in t  A has  i n  f a c t  a r e l a t i v e l y  good s ig n a l  t o  n o i s e  
r a t i o  due to  th e  e x i s t e n c e  of th e  m o d i f i e d  de lay  lo c k  lo o p  which  has  
a high p rocess  gain.  Ward [5 ,6 ]  s t a t e d  t h a t  i n  th e  absence  of n o i s e ,  
t h e  optimum a c q u i s i t i o n  t e c h n i q u e  i s  s i m p l y  t o  l o a d  t h e  f i r s t  n 
r e c e i v e d  b i t s  i n t o  t h e  r e c e i v e r  s e q u e n c e  g e n e r a t o r  an d  l e t  t h e
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g e n e r a t o r  s t a r t  from t h a t  i n i t i a l  c o n d i t i o n .  I t  w i l l  th en  con t inue  
t o  p r o d u c e  a s e q u e n c e  w h i c h  i s  a p p r o x i m a t e l y  i n - p h a s e  w i t h  t h e  
incoming  sequence.  G en e ra l ly ,  th e  a c q u i s i t i o n  of pseudo-no ise  s ig n a l  
by s e q u e n t i a l  e s t i m a t i o n  i s  an  e f f e c t i v e  m e th o d ,  p a r t i c u l a r l y  
s u i t a b l e  f o r  use  i n  medium s i g n a l  t o  n o i s e  r a t i o  c o n d i t i o n .  Ward 
[ 5 ] ,  h a s  shown t h a t  t h e  a v e r a g e  a c q u i s i t i o n  t i m e  o f  74 ms h a s  been  
o b t a i n e d  e x p e r i m e n t a l l y  f o r  a - 1 0  dB s i g n a l  to  n o i s e  r a t i o  u s i n g  a 
p s e u d o n o i s e  s i g n a l  o f  l e n g t h  2 ^ ^ - l  b i t s  c l o c k e d  a t  1.5 M b i t  s " ^ ,  
which i s  t h e  same l e n g t h  as  t h a t  of  t h e  com pos i te  sequence ta k e n  i n  
our example above.
As a n  e x a m p le ,  c o n s i d e r  t h e  mean t i m e  t o  a c q u i r e  l o c k  f o r  a 
c o m p o s i t e  s e q u e n c e  c o m p r i s i n g  two c o m p o n e n t  m a x im a l  s e q u e n c e s  of  
l e n g t h  (2:1-1) and (2“ - l ) .
L e t  t h e  d e l a y  l o c k  l o o p  a c q u i r e  l o c k  f o r  t h e  i n n e r  com ponen t  
sequence of  l e n g t h  L=2°i-1 and the  RASE s e q u e n t i a l  e s t i m a t o r  a c q u i r e  
l o c k  f o r  th e  o u t e r  component sequence of  l e n g t h  R=2i^-1.
L e t  t h e  i n n e r  s e q u e n c e  be c l o c k e d  a t  some r a t e  f g  an d  l e t  t h i s  
be t h e  r a t e  of  t h e  i n c o m i n g  ( i . e .  r e c e i v e d )  s e q u e n c e .  The IF 
b a n d w i d t h  o f  t h e  l o o p  m u s t  be 2 fg .  However ,  t h e  d e l a y  l o c k  l o o p  
a c q u i r e s  t h e  h i g h  s p e e d  i n n e r  code ,  and  t h e  m i x e r  a f t e r  t h e  d e l a y  
l o c k  lo o p  removes  th e  i n n e r  sequence from th e  r e c e i v e d  s ig n a l .  Thus, 
t h e  low p a s s  f i l t e r  a f t e r  t h e  d e l a y  l o c k  l o o p  can  be s e t  t o  a v a l u e  
which a l l o w s  through only the  slow o u t e r  sequence.
The r a t i o  o f  t h e  IF b a n d w i d t h  t o  t h e  RASE b a n d w i d t h  i s  j u s t  L, 
t h e  l e n g t h  o f  t h e  i n n e r  code.  I n  o t h e r  w o r d s  t h e  RASE s y s t e m  makes  
e s t i m a t e s  on r e l a t i v e l y  c l e a n  o u t e r  sequences .
When choosing which i s  to  be th e  i n n e r  and o u te r  sequence t h e r e  
i s  o b v ious ly  a t r ad e  o f f  to  be made. Th is  i s  between (a) a c q u i r i n g  a
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l o n g  i n n e r  s e q u e n c e  on a d e l a y  l o c k  l o o p ,  w h ich  g i v e s  a s h o r t  and 
r e l a t i v e l y  c l e a n  s e q u e n c e  t o  t h e  RASE e s t i m a t o r ;  o r  (b) a s h o r t e r  
i n n e r  s e q u e n c e  on t h e  d e l a y  l o c k  l o o p ,  w i t h  a l o n g e r ,  l e s s  c l e a n  
s ig n a l  t o  the  RASE system.
The choice  depends on th e  t im e  r e q u i r e d  to  make th e  e s t i m a t e  of 
each b i t  and the  t ime ta ken  f o r  a delay  l o c k  lo o p  to  per form a s e r i a l  
s ea rch  when t h e  r e c e i v e d  s i g n a l  i s  c o r r u p te d  by n o ise .
L e t  m=8, n=7 and fg=1 .5M b i t  s  ^
This  i s  ap p ro x im a te ly  equal  to  a maximal sequence of  l e n g t h  2 ^ ^ - l  
b i t s .
Once t h e  d e l a y  l o c k  h a s  a c q u i r e d  t h e  i n n e r  s e q u e n c e  l e t  us 
assume t h a t  i t  must  s tay  i n  lo c k  f o r  1 hour. At a c lo c k  r a t e  of  1.5M 
b i t s ” ^ t h i s  co r responds  to  an e r r o r  once every  5x10^ b i t s  th rough  the  
loop .
The p o s s i b i l i t y  of  a l o s s  o f  l o c k  o c c u r s  b e c a u s e  o f  a d d i t i v e  
n o i s e  i n  the  r e c e i v e d  compos ite  sequence w hich  j i t t e r s  t h e  l o c a l  code 
r e l a t i v e  to  t h e  r e c e iv e d  code. I f  t h e  in p u t  no ise  i s  w h i t e  G auss ian  
n o i s e  then  the piiase j i t t e r  h a s  G auss ian  s t a t i s t i c s  a s  w e l l  -  i f  the 
lo o p  i s  assumed l i n e a r .  I f  the  j i t t e r  exceeds  A f o r  a 2-A loop  t h e r e  
i s  no delay  i n f o r m a t i o n  to  p u l l  the  loop  back and s l i p p a g e  may occur.  
A l th o u g h  a som ew ha t  n a i v e  v i e w ,  n e v e r t h e l e s s ,  i t  i s  s u f f i c i e n t l y  
a c c u r a t e  to  g ive e s t i m a t e s  of the p r o b a b i l i t y  of l o s s  of  lock .
The n o r m a l i s e d  s t a n d a r d  d e v i a t i o n ,  [  ^  ]  , o f  t h e  rm s  p h a s e  
j i t t e r  w h i c h  w i l l  g i v e  a p r o b a b i l i t y  t h a t  t h e  p h a s e  e r r o r  P( e > A )
< 2 X 10 i s  found to  be C "T J ~ 0.1716 fo r  wideband G au ss ian  n o i s e .
2
Thus [ ^  ]  = 0.0294.
However, from [17] ,  f o r  the  l i n e a r i s e d  second o r d e r  lo o p  f o r
G —  oo a n d  Ç= 0 .  7 0 7
2 N r .
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where  i s  t h e  one s id e d  no ise  s p e c t r a l  d e n s i t y  a t  th e  in p u t  to  the  
l o o p  ( a s s u m e d  G a u s s i a n ) ,  Pg i s  t h e  s i g n a l  pow er ,  i s  t h e  n a t u r a l  
f r equency  of t h e  lo o p  and L i s  th e  sequence le n g th .  1.06w^ i s  s im ply  
t h e  n o i s e  b a n d w i d t h  of  t h e  l o o p  f o r  (= 0 .707,  i . e .  8^=  ̂  ̂ )
(See Chapter  3)*
L e t  t h e  s i g n a l  b a n d w i d t h  a t  t h e  IF  be B^p. T h i s  w i l l  be t h e  
delay l o c k  loop  bandwidth.  Thus the n o i s e  bandwid th  w i l l  be Bjp a l s o  
and t h e  t o t a l  in p u t  n o ise  w i l l  be
Nt = No X Bj p
[Î]
This  may be r e a r r a n g e d  t o  g iv e  th e  lo o p  bandwidth  (1.06 w^) n e c e ss a ry  
t o  a ch iev e  the  r e q u i r e d  normsil ised j i t t e r  v a r i a n c e  i n  a g iven  i n p u t  
SNR.
Ù) =n
 ̂ ®IF 
1.06N^ I F  5 . 2 7
I f  Bj p  = 3.0MHz, and t h e  i n p u t  SNR a t  t h e  IF i s  -30dB the n
œ 0 .0294 X 10  ̂ X 3 X 10^ X 2 xtt |"2561^ s 9 R
L255J" 1.06
= 523 r a d  s"^ .
T h e re fo re  th e  maximum sea rch  r a t e  which  may be employed on th e  b a s i s  
of  an a c c e p t a b l e  p r o b a b i l i t y  of  l o s s  of  l o c k  i s
^max “ ~ b i t  s ^
-  3 3 7  -
Thus th e  t im e  ta k en  f o r  the  delay lo c k  lo o p  to  a c q u i r e  th e  i n n e r  (255 
b i t )  sequences  i s :
T inner  = 255/1046 seconds  
= 0.244 seconds
The SNR i m p r o v e m e n t  a t  t h e  i n p u t  t o  t h e  RASE s y s t e m  w i l l  be i n  t h e  
r a t i o  of L=255, t h e r e f o r e  the  SNR a t  RASE i n p u t  i s  -30  +24 dB = -6dB. 
The b i t  r a t e  of  the  o u t e r  sequence i s  only
1-5 .  5882 b i t  s -1
255
and  t h e  t i m e  t a k e n  t o  l o a d  t h e  n b i t s  of  t h e  R=2::- l  b i t  o u t e r  
s e q u e n c e  w i l l  be 1.19 ms. T h i s  i s  a p p r o x i m a t e l y  t h e  t i m e  t a k e n  t o  
make an e s t i m a t e  of the code sequence.  The s e a r c h  l o c k  s t r a t e g y  may 
t a k e  an  a d d i t i o n a l  p e r i o d  o f  t i m e ,  b u t  t h e  f i g u r e  a b o v e  p r o v i d e s  a 
lower bound.
L e t  t h e  p e r i o d  o v e r  w h ic h  t h e  n s a m p l e s  a r e  c o l l e c t e d  an d  
examined be the  e x a m in a t io n  t im e  Tg. From the  work of  Ward [5 ] ,  i t  
i s  f o u n d  t h a t  f o r  a i n p u t  SNR o f  -6dB t o  t h e  RASE s y s t e m  t h e  
p r o b a b i l i t y  of a c o r r e c t  sequence be ing  p r e d i c t e d  i s  p=0.68.
The mean a c q u i s i t i o n  t ime T^ i s  j u s t  Te/pU
Thus T„ = ^ ^  —  = 0.017 seconds
® 0 . 68 ^
The t o t a l  a c q u i s i t i o n  t ime i s  t h u s
0.244 + 0.017 = 0.261 seconds
Even i f  th e  e s t i m a t i o n  t i m e  i s  doubled,  i t  would have  a s m a l l  e f f e c t  
on the  t o t a l  a c q u i s i t i o n  t im e ,  which  i s  dominated by the  de lay  l o c k  
lo o p  a c q u i s i t i o n  t ime.
Use of RARASE may ach ieve  even s h o r t e r  a c q u i s i t i o n  t im es .
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As a c o m p a r i s o n  c o n s i d e r  t h e  i n n e r  s e q u e n c e  t o  be 127 b i t s  and  
t h e  o u t e r  s e q u e n c e  to  be 255. R e p e a t i n g  t h e  c a l c u l a t i o n s  g i v e s  a 
t i m e  t o  a c q u i s i t i o n  of  th e  i n n e r  loop  of :
Tdl = 0.12 seconds ,
w h i l s t  t h e  SNR improvement  f o r  the  RASE system i s  now only 21dB and 
f o r  -30dB i n p u t  SNR, the  SNR a t  the  RASE system i n p u t  i s  -9dB.
For t h i s  SNR p i s  0 .63.  For t h i s  c a s e  h o w e v e r  i s  6 .7 7 x 1 0 ”  ̂
seconds because of the  h ig h e r  b i t  r a t e  i n  the  RASE system.
Thus Tĝ  = 0.027 seconds .
The t o t a l  a c q u i s i t i o n  time i s
0.12  + 0.027 = 0.147 seconds .
Which i s  s h o r t e r  than  th e  p rev io u s  case f o r  th e  same in p u t  SNR, c lock  
r a t e  and composite  sequence l e n g t h .
F i n a l l y ,  i f  a d e l a y  l o c k  l o o p  i s  u s e d  t o  a c q u i r e  a m a x im a l  
sequence o f  2 ^ ^ - l  b i t s  l e n g th ,  under the same c o n d i t i o n  of i n p u t  SNR 
and c lo c k  r a t e  th e  a c q u i s i t i o n  t ime w i l l  be:
Tj^ = 31 .3  seconds.
5 .5  CONCLUSIONS
I n  t h i s  c h a p t e r  a t h o r o u g h  e x p l a n a t i o n  o f  c o m p o s i t e  o r  t h e  so 
c a l l e d  Kronecker s equences  hav e  been  d i s c u s s e d .  T h e i r  g e n e r a t i o n ,  
p r o p e r t i e s  and a u to -  and c r o s s - c o r r e l a t i o n  f u n c t i o n  w ere  examined i n  
d e t a i l ,  i l l u s t r a t e d  by s e v e r a l  d i f f e r e n t  ty p e s  of sequences,  such a s  
maximal l e n g t h  sequences  and Barke r  codes. Some of th e se  sequences  
show v e r y  good a u t o -  and c r o s s - c o r r e l a t i o n  p r o p e r t i e s ,  w h i l e  t h e  
p r o p e r t i e s  of  o th e r  sequences  a r e  not  so good.
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S e v e r a l  m a in  p o i n t s  r e g a r d i n g  t h e s e  c o m p o s i t e  s e q u e n c e s  h a v e  
been  p r e d i c t e d ,  and  t h e s e  p o i n t s  can  h e l p  t h e  u s e r  t o  c h o o s e  t h e  
a p p r o p r i a t e  type and l e n g t h  of the  i n n e r  and o u t e r  components of  the  
com posi te  sequence used i n  a p a r t i c u l a r  sp r e a d  spec trum system. The 
power s p e c t r a l  d e n s i t y  of  some of the se  com pos i te  sequences  w e re  a l s o  
c a l c u l a t e d  and p l o t t e d .
Two m e th o d s  o f  s y n c h r o n i s a t i o n  and  t r a c k i n g  o f  t h e s e  s p e c i a l  
s e q u e n c e s  h a v e  a l s o  been  c o n s i d e r e d  and  i t  i s  shown t h a t  i f  a d e l a y  
l o c k  l o o p ,  f o l l o w e d  by a RASE s e q u e n t i a l  e s t i m a t i o n  t e c h n i q u e  a r e  
u s e d ,  t h e n  t h e  a c q u i s i t i o n  t i m e  can  be r e d u c e d  t r e m e n d o u s l y ,  even  
w i t h  a low i n p u t  s i g n a l  t o  n o i s e  r a t i o .  T h i s  a s p e c t  o f  t h e  w o rk  i s  
su p p o r te d  by numerical  examples.
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CHAPTER SIX
EFFECT OF NOISE ON THE ACQUISITION OF PHASE SYNCHRONISATION 
USING A 2A DELAY LOCK LOOP
6 .1  INTRODUCTION
I n  C h a p t e r  3 a m e thod  o f  a n a l y s i n g  t h e  a c q u i s i t i o n  o f  p h a s e  
s y n c h r o n i s a t i o n  of both the s t a n d a r d  and  s w i t c h e d  d e l a y  l o c k  l o o p s  
w as  i n t r o d u c e d .  The t e c h n i q u e  was  b a s e d  on t h e  p h a s e - p l a n e  
a c q u i s i t i o n  t r a j e c t o r y ,  and a c q u i s i t i o n  t r a j e c t o r i e s  of  v a r i o u s  de lay  
l o c k  l o o p s  w e r e  g i v e n  u n d e r  n o i s e - f r e e  c o n d i t i o n s .  T h i s  i s  n o t  a 
p a r t i c u l a r l y  r e a l i s t i c  c o n d i t i o n  f o r  a DLL o p e r a t i n g  i n  a m u l t i ­
a c c e s s  s p r e a d  spec trum system, however. In  t h i s  c h a p t e r  t h e  method 
i s  m o d i f i e d  t o  i n c lu d e  the  e f f e c t  of no ise ,  and r e s u l t s  a r e  o b t a i n e d  
w h ic h  show how e x t e r n a l  n o i s e  s u p e r i m p o s e d  on the  w a n t e d  s i g n a l  
a f f e c t s  t h e  p r o b a b i l i t y  o f  i n i t i a l  a c q u i s i t i o n  o f  p h a s e  
s y n c h r o n i s a t i o n .  I n  p a r t i c u l a r ,  t h e  e f f e c t  o f  t h e  i n i t i a l  s e a r c h  
r a t e ,  Xg, on the  p r o b a b i l i t y  of  l o c k  i s  c o n s id e r e d  a s  a f u n c t i o n  of  
b o th  n o i s e  on t h e  d i s c r i m i n a t o r  c h a r a c t e r i s t i c s  and  p h a s e  j i t t e r .  
The r e s u l t s  a r e  th en  ex tended  to  co n s id e r  the  e f f e c t  t h a t  phase n o i s e  
has  on t h e  mean t i m e  t o  l o s s  of  lock.
Also, i n  t h i s  c h a p te r  a r e  p r e s e n te d  some e x p e r i m e n t a l  r e s u l t s  
of  the  e f f e c t  of i n p u t  s i g n a l  t o  n o i s e  r a t i o  on the  maximum i n i t i a l  
s e a r c h  r a t e ,  f o r  an a c c e p t a b l e  p r o b a b i l i t y  o f  a c q u i s i t i o n  on t h e  
f i r s t  p a s s .  I n  t h e s e  e x p e r i m e n t a l  r e s u l t s  t h e  p e r f o r m a n c e  o f  a 
d e l a y  l o c k  l o o p  w i t h  an  a n a l o g u e  ( i . e .  l i n e a r  m u l t i p l i e r  t y p e )  
c o r r e l a t o r  i s  c o m p ared  w i t h  a d i g i t a l  t y p e  o f  l o o p  w h i c h  u s e s  h a r d  
l i m i t e r s  and  EX OR g a t e  m u l t i p l i e r s .  The a n a l o g u e  l o o p  i s  t e s t e d  
w i th  and w i t h o u t  AGO.
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In  t h e  next  s e c t i o n ,  a review of some of the  work on t h e  e f f e c t  
of  no ise  on the c o r r e l a t o r  perfomance of a delay  l o c k  lo o p  i s  g iven .
6 .2  CROSS-CORRELATOR ANALYSIS
S e v e ra l  a u t h o r s  have co n s id e re d  t h e  e f f e c t  of no ise  a t  t h e  i n p u t  
t o  a s p r e a d - s p e c t ru m  system on the d i s c r i m i n a t o r  c h a r a c t e r i s t i c s  of 
t h e  d e l a y  l o c k  l o o p  m a i n l y  f rom t h e  p o i n t  o f  v ie w  o f  i n - l o c k  
per formance.
The de lay  l o c k  lo o p  can be modelled  m a t h e m a t i c a l l y  a s  shown i n  
F igu re  6 .1  [1 ] .  Fran the  f i g u r e  i t  can be seen  t h a t  :
-  i ! a k F ( s ) / s " ( t )
Working w i t h  power s p e c t r a l  d e n s i t i e s ,  e q u a t io n  6.1 can be w r i t t e n  
a s :
j F ( j w ) / j  I S ( f )
l + A K F ( j w ) / j w  I 6. 2
where S^(f )  i s  the power s p e c t r a l  d e n s i t y  of the n o is e ,  and S ^ f ) i s  
t h e  power  s p e c t r a l  d e n s i t y  o f  t h e  l o o p  t r a c k i n g  e r r o r .  F i g u r e  6.2 
shows the c r o s s - c o r r e l a t o r  network of a de lay  l o c k  loop.  I t  w i l l  be 
seen  t h a t  t h e  e q u i v a l e n t  no ise ,  n ( t ) ,  f o r  t h i s  model i s  r e l a t e d  t o  
the a c t u a l  i n p u t  no ise  by:
n ( t ) = n ^ ( t ) [ a ( t - T ^ ) - a ( t  + T^) ]  6.3
w here  n^^Ct) i s  t h e  a c t u a l  i n p u t  n o i s e  f i l t e r e d  by t h e  r e c e i v e r  
f i l t e r .
a ( t -T ^ )  i s  t h e  r e f e r e n c e  PN code de lay  by b i t s  
a ( t+ T j )  i s  the  r e f e r e n c e  PN code advanced by b i t s
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n ’ ( t )
A T
Loop f i l ­
t e r  F( s )
VCO
Figure 6.1 Mathematical model of delay lock loop
S ( t ) + n ^ ( t )
/
? S  n ( t )
\ . . .
s J
a ( t + T ^ + T ^ )
Figure 6.2. Delay lock loop correlator network 
(error discriminator).
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Note t h i s  assumes  t h a t  any t im e  d e l a y s  i n  each arm a r e  equal  and t h a t  
t h e  n o i s e  a p p e a r i n g  a t  t h e  two d i f f e r e n c e  a m p l i f i e r  i n p u t s  i s  100$ 
c o r r e l a t e d .
D e n o t i n g ,  A(f)  a s  t h e  power  s p e c t r u m  of  t h e  r e f e r e n c e  PN code
w i t h  z e ro  de lay  and ( f ) a s  the power spec trum d e n s i t y  f u n c t i o n  of
i
t h e  r e c e i v e d  w h i t e  G auss ian  no ise  of va lue  w a t t s / H z ,  but  l i m i t e d  
t o  f p  Hz, t h e  low p a s s  e q u i v a l e n t  b a n d w i d t h  o f  t h e  r e c e i v e r  f i l t e r .  
Thus t h e  power s p e c t r a l  d e n s i t y  of th e  e q u i v a l e n t  n o is e  a t  t h e  ou tpu t  
i s  g iven  by:
r  r  J ^ 2 t
N = N /  A( f )  2 -  e -  e df
° ( o u t )  J
6.4
w h e r e  R(x)gL t h e  b a n d l i m i t e d  a u t o c o r r e l a t i o n  f u n c t i o n  of  th e  PN 
code e v a l u a t e d  f o r  a r e l a t i v e  t ime delay  of x seconds .
Thus e q u a t io n  6 .2  can now be w r i t t e n  a s :
s , ^ ( f )  = 2N^t«(0)BL -  R ( 2 T j ) g J  6 .5
w h e r e  H(jw) i s  t h e  c l o s e d  l o o p  t r a n s f e r  f u n c t i o n  and  A i s  now t h e  
e r r o r  s i g n a l  g a i n  shown i n  t h e  m a th em a t ic a l  model. I t  i s  seen, [ 2 ] ,  
t h a t  A must :
a )  c o n v e r t  a t im e  d i s p la c e m e n t .  Ax , be tween t h e  incoming  code and t h e  
r e f e r e n c e  code t o  an e r r o r  v o l t ag e .
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b) be s o l e l y  a f u n c t i o n  of  s i g n a l  and n o t  n o i s e ;  i . e .  i s  r e a l l y  t h e  
loop  d i s c r i m i n a t o r  fu n c t io n .
c)  have an o u tp u t  which i s  p r o p o r t i o n a l  to  t h e  s i g n a l  l e v e l ,
d)  have a t r a n s f e r  f u n c t i o n  given by the s lope of the  d i s c r i m i n a t o r  
c h a r a c t e r i s t i c .
Thus, based on t h e  above c o n s i d e r a t i o n s :
À = \ / s ' < a ( t + T ^ ) a ( t - T ^ - T j )  -
a(t+T^)a(t+T^+T^)> At= 0 6 . 6
= 2-^  r ' ( T j ) b l
where < x > i s  the  t ime average va lu e  of x 
and S i s  t h e  s ig n a l  power.
Consequent ly th e  v a r i a n c e  of  S i s :
A t
( f ) d fa I
0
2N_ R(0)^,  -  R(2t J .o ‘" “ 'BL —  d'BL y  j |2 ^  6.8
D ef in ing  the n o i s e  bandwidth of the  lo o p  as:
-ff 6.9
0
-  3 4  7 -
e q u a t io n  6.8 r educe s  to
o  ,  =    X
A t
V r ( 0 ) bl -  R(2Tj)33
2N Bo n
6 . 10
where  i s  the  one s id e d  loop  n o i s e  bandwidth  -  which  f o r  the  second
o rd e r  DLL i s  B = œ + Ç )n n 4q
where Ç i s  the damping r a t i o
Nq i s  th e  one s id ed  n o ise  power d e n s i t y ,  
and S i s  the  average  s ig n a l  power.
Cahn [ 2 ] ,  h a s  p l o t t e d  t h e  a u t o - c o r r e l a t i o n  f u n c t i o n  and t h e  
s l o p e  o f  t h e  a u t o - c o r r e l a t i o n  f u n c t i o n  f o r  d i f f e r e n t  a m o u n t s  of  
b a n d l i m i t i n g  ( i . e .  a s  a f u n c t i o n  o f  t h e  r e c e i v e r  c u t  o f f  f r e q u e n c y  
fp) . He d e f i n e s  a b a n d l i m i t i n g  p a ra m e te r  B which  r e l a t e s  th e  r f  c u t  
o f f  f r e q u e n c y  f p  t o  t h e  c h i p  r a t e  o f  t h e  PN code ,  T^, v i a :  BsPufpT^.  
T h i s  i s  shown i n  F i g u r e s  6.3 and 6.4 r e s p e c t i v e l y .  I t  i s  c l e a r  t h a t  
when B i s  very  l a r g e  th e  c o r r e l a t i o n  f u n c t i o n  i s  t h e  i d e a l  t r i a n g u l a r  
s h a p e ,  b u t  a s  B i s  r e d u c e d  t o  tt t h e  r . f .  f i l t e r i n g  c o n s i d e r a b l y  
b r o a d e n s ,  and r e d u c e s ,  t h e  a m p l i t u d e  of  t h e  c o r r e l a t i o n  f u n c t i o n  
b e t w e e e n  t h e  r e c e i v e d  and  l o c a l l y  g e n e r a t e d  r e p l i c a  s e q u e n c e .  As 
m i g h t  be e x p e c t e d ,  t h i s  h a s  an  e f f e c t  on t h e  e f f e c t i v e  " p r o c e s s  
ga in"  of the de lay  l o c k  loop ,  a l b e i t  by only IdB.
From e q u a t i o n  6.10 t h e  rm s  t r a c k i n g  e r r o r  can  be p l o t t e d  a s  a 
f u n c t i o n  o f  S/N^B^ and  a l s o  a s  a f u n c t i o n  o f  t h e  b a n d l i m i t i n g  
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Figure 6.6. RMS tracking error as a function
of displacement [2].
changes very  l i t t l e  as  a f u n c t i o n  of  the  r e l a t i v e  phase de lay  t
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shown i n  F ig u re  6.5 and 6.6 r e s p e c t i v e l y .  I t  i s  i n t e r e s t i n g  t o  no te  
t h a t  f o r  t y p i c a l  v a l u e s  of  t h e  b a n d l i m i t i n g  f a c t o r  B o f  a b o u t  1 . 5 t t ,
a
but,  a s  migh t  be expec ted  the  rms t r a c k i n g  e r r o r  i s  p r o p o r t i o n a l  
t o  ’̂'"s NrT o v e r  a w id e  r a n g e  o f  i n p u t  s i g n a l  t o  n o i s e  r a t i o s .  
However ,  a t  r e l a t i v e l y  low i n p u t  SNR's a t h r e s h o l d  e f f e c t  o c c u r s  
where i s  p r o p o r t i o n a l  to  -(SNRj^).
From t h i s  b r i e f  i n t r o d u c t i o n ,  the  a n a l y s i s  by Cahn can be used 
i n  t h e  d e v e l o p m e n t  of  a c o m p u t e r  mode l  t o  e x a m in e  t h e  e f f e c t  o f  
e x t e r n a l  n o i s e  on t h e  i n i t i a l  a c q u i s i t i o n  o f  p h a s e  s y c h r o n i s a t i o n .  
I n  p a r t i c u l a r ,  t h e  r e s u l t s  shown i n  f i g u r e s  6.3 and  6.6 e n a b l e  
s i m p l i f i c a t i o n s  t o  be made t o  t h e  m o d e l ,  w h ic h  r e d u c e  c o m p u t a t i o n  
t ime.
6.3 COMPUTER SIMULATION OF INITIAL ACQUISITION OF LOCK IN NOISY 
CONDITIONS
The a n a l y s i s  by Cahn [2 ]  i n  t h e  p r e v i o u s  s e c t i o n  show ed  t h a t  
e v e n  when t h e  n o i s e  i n  t h e  two a r m s  o f  t h e  c o r r e l a t o r  i s  s t r o n g l y  
c o r r e l a t e d  ( i . e .  t h e  g a i n s  and p r o p a g a t i o n  d e l a y s  i n  e a c h  arm a r e  
p e r f e c t l y  matched) the  f a c t  t h a t  the n o i s e  i s  added t o  a band l i m i t e d  
PN s e q u e n c e  and c o r r e l a t e d  a g a i n s t  a p e r f e c t  ( i . e .  n o t  b a n d l i m i t e d )  
r e p l i c a  sequence,  r e s u l t s  i n  a ne t  no ise  o u tp u t  be ing  f e d  t o  t h e  VCO. 
I n  p r a c t i c e  h o w e v e r  arm g a i n - i m b a l a n c e  and  p a r t i c u l a r l y  d i f f e r i n g  
g ro u p  d e l a y  i n  t h e  b a n d p a s s  f i l t e r s  i n  e a c h  arm o f  a n  IF  d e l a y  l o c k  
l o o p  w i l l  e n s u r e  t h a t  t h e  n o i s e  i n  eac h  arm o f  t h e  d e l a y  l o c k  l o o p  
w i l l  no t  be c o r r e l a t e d ,  and so a h ig h e r  n o i s e  v a r i a n c e  on th e  c o n t r o l  
s i g n a l  t o  t h e  VCO o f  t h e  l o o p  can  be e x p e c t e d  t h a n  be p r e d i c t e d  by 
e q u a t i o n  6.8.
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As migh t  be expec ted  from a s im p le  p h y s ic a l  u n d e r s t a n d i n g  o f  the  
c o r r e l a t o r ,  t h e  r e s u l t s  of  Cahn 's  a n a l y s i s  shown i n  F i g u r e  6.6 
s u g g e s t  t h a t  t h e  n o i s e  v a r i a n c e  i s  v i r t u a l l y  i n d e p e n d e n t  o f  t h e  
r e l a t i v e  phase de lay  between the  two sequences.  This  e n a b l e s  one t o  
p r o p o s e  a r e l a t i v e l y  s i m p l e  c o m p u t e r  a l g o r i t h m  f o r  m o d e l l i n g  code 
a c q u i s i t i o n ,  which  i n c l u d e s  add ing  a random p e r t u r b a t i o n  of known 
a n d  c o n s t a n t  s t a n d a r d  d e v i a t i o n  o n t o  t h e  d i s c r i m i n a t o r  
c h a r a c t e r  s i  t i c s ,  which r e p r e s e n t s  t h e  e r r o r  s i g n a l  c o n t r o l l i n g  t h e  
VCO of  t h e  l o o p .  Thus f o r  any r e l a t i v e  d e l a y  b e t w e e n  t h e  s e q u e n c e s  
th e  n o i s e  p e r t u r b a t i o n  on t h e  e r r o r  s i g n a l  w i l l  a l s o  h a v e  t h e  same 
s t a n d a r d  d e v i a t i o n .
However ,  t h e  a c q u i s i t i o n  o f  l o c k  i s  v e r y  s e n s i t i v e  t o  t h e  
i n i t i a l  s e a r c h  r a t e ,  an d  i t  h a s  been  s e e n  i n  C h a p t e r  3 t h a t  i f  t h e  
v a l u e  o f  X a t  x=0 i n  t h e  u p p e r  q u a d r a n t s  o f  t h e  p h a s e - p l a n e  p l o t  
e x c e e d s  a c r i t i c a l  v a l u e  a c q u i s i t i o n  o f  l o c k  w i l l  n o t  be a c h i e v e d .  
When n o i s e  i s  p r e s e n t  on t h e  e r r o r  s i g n a l  t w o  m a i n  r e a s o n s  f o r  t h e  
l o o p  a c q u i r i n g  and  m a i n t a i n i n g  l o c k  can be i d e n t i f i e d .  Non 
a c q u i s i t i o n  of  i n i t i a l  phase s y n c h r o n i s a t i o n  o ccu r s  because :
Ca) The n o i s e  v o l t a g e  on t h e  e r r o r  s i g n a l  c a u s e s  t h e  l o o p  t o  FM o r  
" a c c e l e r a t e "  and " d e c e l e r a t e "  d u r in g  a c q u i s i t i o n .  This  has  an e f f e c t  
on the  a c t u a l  t r a j e c t o r y  taken  d u r in g  a c q u i s i t i o n  and i t  i s  p o s s i b l e  
t h a t  t h e  t r a j e c t o r y  can  be f o r c e d  o u t s i d e  t h e  maximum p e r m i t t e d  
t r a j e c t o r y  from which l o c k  can be ach ieved  i n  n o i s e l e s s  c o n d i t i o n s .  
T h i s  i s  i l l u s t r a t e d  i n  F i g u r e  6.7.  C l e a r l y  t h e  n o i s e  can  a l s o  p u l l  
back the  t r a j e c t o r y  t o  w i t h i n  th e  maximum t r a j e c t o r y  n o rm a l ly  a l low ed  
to  g u a ra n t e e  lock.  Thus t h e  no ise  only r e a l l y  p l a y s  a c r i t i c a l  r o l e  
when t h e  t r a j e c t o r y  i s  i n  t h e  u p p e r  RH q u a d r a n t  o f  t h e  p h a s e  p l a n e
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t r a j e c t o r y  due to  no i s e  a t  t h i s  po i n t  l eads  
t o  n o n - a c q u i s i t i o n  o f  l ock .
t r a j e c t o r y  taken i f  loop causes  
loop to  d e c e l e r a t e  near c r i t i c a l  
poi nt .
Noi se  pe r tu rb a t i on s  here  
have l i t t l e  e f f e c t  on 
l o s s  o f  lock p r o b a b i l i t y
idea l  t r a j e c t o r y  in 
n o i s e l e s s  c o n d i t i o n s .
Figure 6.7. Illustrative diagram showing how noise may 
affect likelihood of acquiring lock.
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and i s  a b o u t  t o  c r o s s  t h e  x a x i s  i n t o  t h e  l o w e r  RH q u a d r a n t ,  a s  
i l l u s t r a t e d  i n  F i g u r e  6.7. C l e a r l y  t h e  g r e a t e r  t h e  n o i s e  v a r i a n c e  
t h e  g r e a t e r  t h e  p r o b a b i l i t y  t h a t  t h e  t r a j e c t o r y  w i l l  be f o r c e d  
o u t s i d e  the  maximum a l lo w ed  t r a j e c t o r y .
b) The n o i s e  c a u s e s  t h e  VCO t o  FM and  t h i s  c a u s e s  a p h a s e  d e v i a t i o n  
between the  two sequences.  Th is  may be so l a r g e  t h a t  th e  l o o p  h a s  a 
v e r y  h i g h  p r o b a b i l i t y  o f  l o s i n g  l o c k  i m m e d i a t e l y  a f t e r  i t  h a s  b e e n  
ac q u i r e d .
E s s e n t i a l l y ,  t h e s e  a r e  tw o  q u i t e  s e p a r a t e  e f f e c t s  and t h e  mode l  
p r e s e n t e d  i n  t h i s  c h a p t e r  i l l u s t r a t e s  the  im por tance  of each e f f e c t .
6 . 3 . 1  The Model
The model i s  v i r t u a l l y  i d e n t i c a l  to  t h a t  used i n  c h a p t e r  3. I t  
w i l l  be r e c a l l e d  t h a t  t h i s  i s  b a s e d  on  t h e  p h a s e - p l a n e  a c q u i s i t i o n  
t r a j e c t o r y  e q u a t i o n  3 .12,  and u s e s  a R u n g e - K u t t a - M e r s o n  n u m e r i c a l  
com pu ta t ion  method to  p l o t  the t r a j e c t o r y  f o r  a g iven  s e t  of i n i t i a l  
v a l u e  c o n d i t i o n s .  The t e c h n i q u e  a l s o  r e q u i r e s  k n o w le d g e  of  t h e  
d i s c r i m i n a t o r  c h a r a c t e r i s t i c s .
I n  t h i s  new model  t h e  e f f e c t  o f  t h e  e x t e r n a l  n o i s e  i s  a d d e d  t o  
t h e  s i g n a l  f rom  t h e  d i s c r i m i n a t o r  d u r i n g  c o m p u t a t i o n  of  t h e  
t r a j e c t o r y .  This  i s  done by adding a random s ig n a l  of  known s t a n d a rd  
d e v i a t i o n  t o  the d i s c r i m i n a t o r  c h a r a c t e r i s t i c s  D(x) a t  each p o in t  of 
t h e  t r a j e c t o r y  and c a l c u l a t i n g  D(x) f rom  t h i s ,  and t h e  p r e v i o u s  
v a l u e ,  D ( x - l ) .  I n  t h i s  way t h e  e f f e c t  of  p h a s e  j i t t e r  b e t w e e n  t h e  
s e q u e n c e s  c a n  be r em ove d ,  and t h i s  e n a b l e s  t h e  e f f e c t  o f  a m p l i t u d e  
f l u c t u a t i o n s  on the p r o b a b i l i t y  of  a c q u i r i n g  i n i t i a l  l o c k  to  be made.
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T h i s  c o n d i t i o n  a l s o  r e p r e s e n t s  t h e  c a s e  w h e r e  t h e  l o o p s  may have  a 
r e l a t i v e l y  h igh ga in ,  bu t  th e  VCO h a s  a very  low gain.
However, i n  th e  model i t  i s  a l s o  p o s s i b l e  to  add a random j i t t e r  
to  th e  l o c a l l y  g e n e ra te d  sequence  d u r i n g  c o m p u t a t i o n  o f  t h e  p h a s e -  
p l a n e  t r a j e c t o r y .  To do t h i s ,  e s s e n t i a l l y  a d i f f e r e n t  random  
sequence to  t h a t  used  to  g e n e r a t e  am p l i t u d e  p e r t u r b a t i o n s  i s  a p p l i e d  
t o  c o n t r o l  t h e  s t e p  number  o f  t h e  a l g o r i t h m .  The s t e p  num ber  
d i c t a t e s  t h e  r e l a t i v e  p h a s e  b e t w e e n  t h e  two s e q u e n c e s ,  and  so t h e  
l o c a l  code can  be a d v a n c e d  o r  r e t a r d e d  r e l a t i v e  t o  t h e  i n c o m i n g  
s e q u e n c e .  The s t a n d a r d  d e v i a t i o n  of  t h i s  j i t t e r  can  be c o n t r o l l e d  
e n t i r e l y  s e p a r a t e l y  from th e  am p l i t u d e  j i t t e r .
When u s in g  the  random number g e n e r a t o r  on the computer  c a r e  was  
ta ken  to  randomise t h e  k e rn a l  of  t h e  RND f u n c t i o n .
In  the s i m u l a t i o n ,  v a r y in g  d eg ree s  of  both a m p l i t u d e  and phase 
j i t t e r  w e r e  a p p l i e d  t o  t h e  l o o p  f o r  a w id e  r a n g e  o f  i n i t i a l  s e a r c h  
v e l o c i t i e s  between the  two sequences ;  and f o r  each p o in t  of the  graph 
a t  l e a s t  400 t r i a l s  w ere  c a r r i e d  ou t  t o  see  i f  t h e  lo o p  cou ld  a c h i e v e  
and m a in t a i n  phase s y n c h r o n i s a t i o n .  For poor SNR c o n d i t i o n s  and a t  
c r i t i c a l  p a r t s  o f  t h e  c h a r a c t e r i s t i c s  w h e r e  t h e  p r o b a b i l i t y  o f  
a c q u i s i t i o n  f e l l  r a p i d l y ,  over 1000 t r i a l s  were c a r r i e d  ou t  on each  
p o i n t  o f  t h e  g r a p h .  The l o o p  w as  deemed t o  be i n  l o c k  w hen  t h e  
t r a j e c t o r y  r e t u r n e d  t o  ze ro  ( i .e .  x=0, x=0) and had re m a in e d  i n  l o c k  
f o r  t h e  r e m a i n d e r  of  t h e  s t e p s  u s e d  t o  o b t a i n  t h e  t r a j e c t o r y .  
(Normally 1000 s t e p s  were used  i n  the c a l c u l a t i o n  of the  t r a j e c t o r y ,  
of  which between 400 and 600 w ere  a c t u a l l y  needed t o  d e f in e  t h e  bu lk  
of the t r a j e c t o r y  and the  r e m a in d e r  were used to  d e t e rm in e  th e  f i n e -  
s e t t l i n g  of  an e s s e n t i a l l y  i n - l o c k  loop . )
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From a l l  t h e s e  t r i a l s  f o r  a p a r t i c u l a r  i n i t i a l  s e a r c h  r a t e ,  
a m p l i t u d e  j i t t e r  on t h e  d i s c r i m i n a t o r  c h a r a c t e r i s t i c s  and  p h a s e  
j i t t e r  t h e  p r o b a b i l i t y  o f  a c q u i r i n g  an d  m a i n t a i n i n g  l o c k  c o u l d  be 
o b t a i n e d  f o r  p r o b a b i l i t i e s  of  l o c k  a s  low a s  1 i n  10^.
The i n - l o c k  p e r f o r m a n c e  o f  t h e  l o o p  c o u l d  a l s o  be s i m u l a t e d  
u s in g  a s i m i l a r  te chn ique .  Here th e  l o o p  was  a l lo w ed  t o  a c q u i r e  l o c k  
i n  t h e  normal way, i n  n o i s e l e s s  c o n d i t i o n s ,  and th e n  phase j i t t e r  was 
a p p l i e d .  Here  t h e  " t i m e ” t a k e n  f o r  t h e  l o o p  t o  l o s e  l o c k  w a s  
o b ta in e d  i n  t e rm s  of  th e  number of  program s t e p s  t a k e n  b e f o r e  l o s s  
o f  l o c k  o c c u r r e d .  As a b o v e ,  o v e r  100 t r i a l s  w e r e  t a k e n  t o  o b t a i n  
t h e  mean " t ime"  t o  l o s s  of  l o c k  f o r  each po in t .
In  a p r a c t i c a l  sp re a d - s p e c t ru m  system,  the  p a ra m e te r  of  g r e a t e s t  
i n t e r e s t  when  s p e c i f y i n g  t h e  n o i s e  b e h a v i o u r  i s  t h e  n o i s e  a t  t h e  
i n p u t  t o  the  r e c e i v e r .
However ,  b e c a u s e  of  t h e  e f f e c t  o f  b a n d l i m i t i n g  an d  arm g a i n ­
i m b a l a n c e  e t c .  i t  i s  d i f f i c u l t  t o  q u a n t i f y  t h e  n o i s e  l e v e l  a t  t h e  
de lay  l o c k  lo o p  c o r r e l a t o r  ou tpu t  w i t h  t h e  s ig n a l  to  n o i s e  r a t i o  a t  
t h e  i n p u t  t o  t h e  l o o p ,  o r  a t  t h e  i n p u t  o f  t h e  r e c e i v e r .  U nder  i d e a l  
c o n d i t i o n s ,  the  v a r i a n c e  of th e  no ise  a t  t h e  c o r r e l a t o r  ou tp u t  can be 
r e l a t e d  t o  t h e  i n p u t  n o i s e  s p e c t r a l  d e n s i t y  u s i n g  e q u a t i o n  6.8.  I n  
t h i s  s im u l a t i o n ,  an i d e a l  t r i a n g u l a r  c o r r e l a t i o n  f u n c t i o n  i s  assumed 
between the  r e c e i v e d  and r e p l i c a  code, n o r m a l i s e d  t o  a peak am p l i t u d e  
o f  1. The e f f e c t i v e  o u t p u t  pow er  f ro m  t h e  c o r r e l a t o r  i s  t h u s  a l s o  
IV^. The n o i s e  l e v e l s  q u o t e d  a r e  t h e  n o i s e  l e v e l s  a t  t h e  o u tp u t  o f  
t h e  c o r r e l a t o r  not a t  the  r e c e i v e r  in p u t .  These v a l u e s  of  s i g n a l  and 
n o i s e  may be r e l a t e d  back t o  an e q u i v a l e n t  i n p u t  SNR u s in g  e q u a t io n  
6.8 or  6.10  i f  d e s i r e d .  The SNR a t  t h e  c o r r e l a t o r  o u t p u t  i s  q u o t e d
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i n  t e r m s  o f  a pow er  r a t i o ,  SNR^ = 1 / a ^ ,  and  h e n c e  t h e  dB s c a l e  i s
c a l c u l a t e  on the b a s i s  of  10 log^g  (1 /a^ ) .
Because of t h e  c o m pu ta t ion  r e q u i r e d  t o  a c h i e v e  r e l i a b l e  p o i n t s
on t h e  c h a r a c t e r i s t i c s  t h e  r e s u l t s  h a v e  b e e n  o b t a i n e d  o n l y  f o r  t h e
s t a n d a r d  2 A de lay  l o c k  loop ,  and i t  i s  assumed t h a t  t h e  l o o p  n a t u r a l
f r e q u e n c y ,  = 1 r a d s " ^ ,  ç =0.707 and the  loop  g a i n  G=®.
6 .3 .2  R esu lts o f  the Computer Sim ulation
In  t h i s  s e c t i o n  the p r o b a b i l i t y  of a c q u i r i n g  and m a i n t a i n g  phase 
l o c k  i s  p l o t t e d  a g a i n s t  t h e  v a r i a n c e  o f  t h e  a m p l i t u d e  n o i s e  on t h e  
d i s c r i m i n a t o r  c h a r a c t e r i s t i c s ,  m e a s u r e d  a t  t h e  c o r r e l a t o r  o u t p u t .  
The r e s u l t s  a r e  p l o t t e d  i n  F ig u re  6.8 f o r  d i f f e r e n t  v a l u e s  o f  i n i t i a l
s e a rc h  r a t e ,  Xg, and f o r  d i f f e r e n t  d e g re e s  of phase j i t t e r  be tween t e
two codes.  F ig u r e  6.8a shows how t h e  p r o b a b i l i t y  of  a c q u i r i n g  l o c k  
i s  r e d u c e d  a s  t h e  c o r r e l a t o r  SNR i s  r e d u c e d ,  f o r  a n  i n i t i a l  s e a r c h  
r a t e  o f  = 0.5 b i t  s ” ^, and  f o r  d i f f e r e n t  v a l u e s  o f  p h a s e  j i t t e r .
This  v a lu e  of s e a r c h  r a t e  is much less tha n  Xg «  2.0
b i t  s " ^  o b t a i n a b l e  i n  n o i s e l e s s  c o n d i t i o n s  f o r  t h e  2 A d e l a y  l o c k  
loop .
For th e  case of  z e r o  phase j i t t e r  i t  i s  c l e a r  t h a t  a s  t h e  s i g n a l  
t o  n o i s e  r a t i o  a t  the  c o r r e l a t o r  o u t p u t  i s  d e c re a se d  the  p r o b a b i l i t y  
o f  a c q u i r i n g  and  m a i n t a i n i n g  l o c k  r e m a i n s  good u n t i l  t h e  n o i s e  
v a r i a n c e  i s  - lOdB o f  t h e  w a n t e d  s i g n a l .  F o r  l o w e r  s i g n a l  t o  n o i s e  
r a t i o s  t h e  p r o b a b i l i t y  o f  l o c k  f a l l s  m a r k e d l y  and a t  0 dB SNR t h e  
p r o b a b i l i t y  o f  a c q u i r i n g  l o c k  on t h e  f i r s t  p a s s  i s  v e r y  low .  I t  
s h o u l d  be n o t e d  t h a t  t h e  n o i s e  b a n d w i d t h  o f  t h e  l o o p ,  B^ = 1.06 
i s  u s u a l l y  v e ry  much low er  t h a n  the  d a t a  r a t e  which  i s  m o d u la t i n g  t h e  
PN code. As a consequence t h e  s i g n a l  t o  n o i s e  r a t i o  a t  t h e  o u tp u t  of
-  3 3 7  -
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t h e  s p r e a d - s p e c t ru m  d a ta  c o r r e l a t o r  w i l l  be worse  t h a n  t h a t  a t  th e  
VCO i n p u t  i n  the  r a t i o  l e v e l s  a t  which  th e
p r o b a b i l i t y  of a c q u i r i n g  l o c k  on t h e  f i r s t  pass  becomes u n a c c e p ta b l e  
the  p r o b a b i l i t y  of  c o r r e c t l y  d e t e c t i n g  t h e  d a t a  w i l l  be v a n i s h a b l y  
sm al l .
The e f f e c t  of  t h e  phase j i t t e r  on t h e  p r o b a b i l i t y  of  l o c k  i s  t o  
r e d u c e  t h e  v a l u e  o f  a m p l i t u d e  j i t t e r  on  t h e  d i s c r i m i n a t o r  
c h a r a c t e r i s t i c  a t  which th e  p r o b a b i l i t y  s t a r t s  t o  f a l l  r a p i d l y .
I n  f i g u r e s  6 . 8 b - 6 . 8 d  t h e  i n i t i a l  s e a r c h  r a t e  i s  p r o g r e s s i v e l y  
i n c r e a s e d .  The g e n e ra l  shape of  t h e  c h a r a c t e r i s t i c s  a r e  t h e  same f o r  
e a c h  c a s e .  H owever ,  i t  w i l l  be s e e n  t h a t  w i t h  z e r o  p h a s e  j i t t e r  
"o p t im u m "  p e r f o r m a n c e  i s  o b t a i n e d  w hen  Xg = 1 .0  b i t  s ” ^. T h i s  
c h a r a c t e r i s t i c  i s  optimum i n  the  sense  t h a t  a  v e ry  h i ^  p r o b a b i l i t y  
o f  a c q u i r i n g  l o c k  on  t h e  f i r s t  p a s s  c a n  be m a i n t a i n e d  down t o  t h e  
lo w e s t  c o r r e l a t o r  SNR.
As t h e  s e a r c h  r a t e  i s  i n c r e a s e d ,  o r  d e c r e a s e d  f r o m  t h i s  v a l u e  o f  
Xg, t h e  c o r r e l a t o r  SNR m u s t  be i n c r e a s e d  t o  a c h i e v e  t h e  same 
p r o b a b i l i t y  o f  l o c k .  The e f f e c t  o f  i n c r e a s e d  p h a s e  j i t t e r  a f f e c t s  
t h e  c h a r a c t e r i s t i c s  f o r  e a c h  s e a r c h  r a t e  i n  much t h e  same way a s  
d e s c r i b e d  above.
I t  i s  i n t e r e s t i n g  t o  c o n s i d e r  why r e d u c i n g  t h e  i n i t i a l  s e a r c h  
r a t e  migh t  w orsen  the  p r o b a b i l i t y  of a c q u i r i n g  lock .  I n  Chapter  3 i t  
w a s  shown t h a t  t h e  a r e a  c o n t a i n e d  by t h e  a c q u i s i t i o n  t r a j e c t o r y  
d e c r e a s e s  a s  the  i n i t i a l  s e a r c h  r a t e  d ec re ase s .  Th is  means t h a t  th e  
w anted  e r r o r  s i g n a l  f ed  t o  t h e  VCO must  be low to  a c h i e v e  t h e  d e s i r e d  
s e a r c h  r a t e ,  and  t h e r e f o r e  p rone  n o i s e  s i g n a l s .  F i g u r e  6 .9a  shows  
t h a t  f o r  Xg = 0.5 b i t  s  ̂ t h e  e f f e c t  o f  t h e  n o i s e  t e n d s  t o  s low  down
-  -
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Figure 6.9 Typical acquisition trajectories for a 2A DLL,
under the same conditions of noise, for 3 dif-
_ 1ferent initial search rates ( 1 rad s ,
Ç= 0 . 7 0 7 ,  G = “ , 0 . 5 ,  J = 0/25).
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F i g u r e  6 . 9  ( C o n t i n u e d )
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and s t o p  th e  I n i t i a l  s ea rch  p ro c e s s  b e f o r e  co a r se  s y n c h r o n i s a t i o n  can 
be ach ieved .  The sea rch  can even r e v e r s e  d i r e c t i o n ,  a s  shown. For a 
h i g h e r  s e a r c h  r a t e ,  say  Xg = 1 .0  b i t  s “ ^ a s  shown i n  F i g u r e  6 .9b t h e  
t r a j e c t o r y  expands,  and t h i s  r e d u c e s  the  p r o b a b i l i t y  t h a t  th e  s e a r c h  
p r o c e s s  w i l l  be s t o p p e d  b e f o r e  c o a r s e  s y n c h r o n i s a t i o n  i s  ach ieved .  
For  s e a r c h  r a t e s  c l o s e  t o  t h e  maximum, h o w e v e r ,  t y p i c a l l y  
Xg=2.0 b i t  s “ ^, a s  shown i n  F i g u r e  6 .9c  t h e r e  i s  now a g r e a t e r  
p r o b a b i l i t y  t h a t  t h e  n o i s e  w i l l  f o r c e  t h e  t r a j e c t o r y  o u t s i d e  t h e  
maximum a l l o w a b l e  i n  t h e  upper  RH q u a d r a n t ,  a s  d i s c u s s e d  e a r l i e r ,  and 
n e g l i g i b l e  p r o b a b i l i t y  t h a t  the  s e a r c h  p ro c e s s  w i l l  be s to pped  i n  the  
u p p e r  LH q u a d r a n t  o f  t h e  p h a s e - p l a n e  t r a j e c t o r y .  N o i s e ,  t h e r e f o r e  
a f f e c t s  the  t h r e e  r e g im e s  i n  d i f f e r e n t  ways.
I t  i s  i n s t r u c t i v e  t o  redraw t h e  cu rves  of  f i g u r e  6.8a -d  so t h a t  
t h e y  a r e  e x p r e s s e d  a s  t h e  maximum s l i p  r a t e  v s  t h e  s i g n a l  t o  n o i s e  
r a t i o  a t  t h e  c o r r e l a t o r  o u t p u t  t o  a c h i e v e  a g i v e n  p r o b a b i l i t y  o f  
a c q u i r i n g  lo c k  on th e  f i r s t  pass.  These c h a r a c t e r i s t i c s  a r e  p l o t t e d  
i n  f i g u r e  6.10 f o r  d i f f e r e n t  v a l u e s  o f  phase j i t t e r .  I t  w i l l  be seen  
f r o m  a l l  t h e s e  c h a r a c t e r i s t i c s  t h a t  i f  0.5 < Xg < 1.5 b i t  s “ ^ t h e  
lo o p  a c q u i r e  l o c k  t o  t h e  s t a t e d  p r o b a b i l i t y  i n  t h e  w o r s t  c o r r e l a t o r  
SNR c o n d i t i o n s .  For  t h e  c a s e  o f  r e s u l t s  w i t h  no p h a s e  j i t t e r  4 
d i f f e r e n t  s e t s  o f  r e s u l t s  had  t o  be p r o d u c e d  b e c a u s e  o f  t h e  k i n k  i n  
the  c h a r a c t e r i s t i c s .
6 . 3 . 3 . E f f e c t  o f  n o i s e  on t h e  Mean Time t o  L oss  o f  Lock
F i g u r e  6.11 show s  t h e  e f f e c t  o f  c o r r e l a t o r  o u t p u t  s i g n a l  t o  
n o i s e  r a t i o  on t h e  mean  ’ t ime*  t o  l o s s  o f  l o c k .  I n  t h i s  s e t  o f  
c h a r a c t e r i s t i c s  no phase j i t t e r  i s  assumed t o  e x i s t ,  s i n c e  the  l o o p  
i s  now i n - l o c k ,a n d  t h e r e  i s  a  n e g l i g i b l e  p r o b a b i l i t y  of  t h e  am p l i t u d e
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Figure 6.11. Graph of mean time to loss of lock of 
a 2A delay lock loop as a function of 
the variance of the phase jitter.
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p e r t u r b a t i o n  on t h e  d i s c r i m i n a t o r  c h a r a c t e r i s t i c s  c a u s i n g  l o s s  o f  
l o c k .  I n  t h i s  s e t  o f  r e s u l t s  mean  t i m e  t o  l o s s  o f  l o c k  i s  t a k e n  a s  
t h e  number  of  p ro g ram m e s t e p s  i n  t h e  R u n g e - K u t t a  p r o c e d u r e  b e f o r e  
l o s s  o f  l o c k  o c c u r s .  Each p o i n t  on t h e  g r a p h  w a s  t h e  r e s u l t  o f  
a v e r a g i n g  a t  l e a s t  100  t r i a l s .  As e x p e c t e d  t h e  w o r s e  t h e  SNR t h e  
l o w e r  t h e  p r o b a b i l i t y  o f  l o c k .  The g e n e r a l  s h a p e  of  t h e  c u r v e  i s  
c lo se  t o  t h a t  found by Holmes [ 3 ,4 ]  u s i n g  an  a n a l y t i c  method.
6.4 EFFECT OF NOISE ON THE MAXIMUM SLIP RATE OF AN EXPERIMENTAL 
DELAY LOCK LOOP
An e x p e r i m e n t a l  mode l  o f  a  b a s e b a n d  2 a d e l a y  l o c k  l o o p  w a s  
c o n s t r u c t e d  u s in g  h ig h  q u a l i t y  wide band ana logue  m u l t i p l i e r  d e v i c e s  
i n  each arm of t h e  c o r r e l a t o r  network.  The code sequence used  was  a 
maximal sequence o f  l e n g t h ,  1023 b i t ,  c locked  a t  a  nominal  1 
M b i t  s” ^. The n a t u r a l  f requency  of  th e  l o o p  was s e t  t o  a  n o rm a l i s e d  
v a lu e  of 1 r a d  s“ ^ w i t h  a damping r a t i o  o f  Ç = 0.707.
6 . 4 . 1  The Analogue Delay Lock Loop
The in p u t  s i g n a l  t o  t h e  de lay  loc ked  l o o p  was a summat ion o f  th e  
r e c e i v e d  maximal l e n g t h  sequence and a w h i t e  G auss ian  n o i s e  t a k e n  
from a wide-band w h i t e  n o ise  g e n e r a t o r ,  and f e d  t o  a low p a s s  f i l t e r  
w hose  b a n d w id t h  i s  j u s t  enough  t o  p a s s  t h e  m a i n  l o b e  o f  t h e  PN code  
se q u e n c e  used.
F i r s t ,  the  de lay  l o c k  l o o p  was  examined under  t h e  c o n d i t i o n  i n  
which the r e c e i v e d  sequence l e v e l  was  s e t  a t  a c o n s t a n t  v a l u e ,  w h i l e  
t h e  w h i t e  G auss ian  n o ise  l e v e l  was i n c r e a s e d  from z e r o  u n t i l  a -36  dB 
s i g n a l  to  n o i s e  r a t i o  was  o b t a in e d  a t  the  o u tp u t  of th e  m a in lobe  low
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pass  f i l t e r  a t  th e  r e c e i v e r  inpu t .  No AGC was  ap p l i e d .  I t  was  found 
t h a t  i n c r e a s i n g  the n o i s e  l e v e l  had very  l i t t l e  e f f e c t  on th e  maximum 
i n i t i a l  s e a r c h  r a t e  f ro m  w h ic h  l o c k  c o u l d  be a c h i e v e d ,  a s  show n i n  
F igu re  6.12. For s i g n a l  t o  n o i s e  r a t i o  b e t t e r  tha n  -25dB th e  maximum 
i n i t i a l  sea rch  r a t e  was found t o  s a t u r a t e  t o  th e  va lu e  p r e d i c t e d  f o r  
th e  n o i s e l e s s  c a s e  i . e .  Xg=2.0 b i t  s “ ^. At v e r y  low s i g n a l  t o  n o i s e  
r a t i o  down t o  - 3 6  dB t h e  maximum s e a r c h  r a t e  t o  a c h i e v e  l o c k  m u s t  
th e n  be d e c r e a s e d .  However ,  a  f u r t h e r  6 dB s i g n a l  t o  n o i s e  r a t i o  
i m p r o v e m e n t  c an  be o b t a i n e d  by i n s e r t i n g  a low p a s s  f i l t e r  w hose  
bandwidth i s  lOx the  bandwidth  of  th e  lo o p  f i l t e r  i n  each  arm o f  the  
c o r r e l a t o r  ne twork  a s  shown by th e  broken l i n e  curve  i n  F i g u r e  6.12.
However ,  by u s i n g  a n  a u t o m a t i c  g a i n  c o n t r o l  i . e .  k e e p i n g  t h e  
wan ted  in p u t  sequence power + no ise  power to  a c o n s t a n t  v a l u e ,  both  
c u rv es  show e x p o n e n t i a l  d e c r e a s e  i n  maximum i n i t i a l  s e a r c h  r a t e  w i t h  
i n p u t  s i g n a l  to  n o is e  d e c re se  down t o  -36dB. F ig u re  6.13 shows t h a t  
a 40 dB w orsen ing  of  i n p u t  s i g n a l  t o  n o i s e  r a t i o  f rom +10 dB r e s u l t s  
i n  a r e d u c t i o n  of  maximum i n i t i a l  sea rch  r a t e  by a p p ro x im a te ly  xlO. 
The r e a s o n  f o r  t h i s  r e d u c t i o n  i s  seen  to  be r e l a t e d  t o  the  r e d u c t i o n  
o f  t h e  e f f e c t i v e  l o o p  g a i n  due t o  t h e  d e c r e a s e  i n  s i g n a l  t o  n o i s e  
r a t i o  w i th  a u t o m a t i c  g a in  c o n t r o l ,  a s  o b t a in e d  by Ormondroyd [5 ]  and 
Ormondroyd and S h ip to n  [6 ] .  By f i l t e r i n g  each arm of  t h e  c o r r e l a t o r  
n e t w o r k ,  a 6 dB b e t t e r  p e r f o r m a n c e  i n  s i g n a l  t o  n o i s e  r a t i o  i s  a l s o  
o b ta in ed ,  as  i n  t h e  p re v io u s  case.  I t  w i l l  be a p p r e c i a t e d  t h a t  i t  i s  
non age  d e l a y  l o c k  l o o p  d e s c r i b e d  e a r l i e r  w h i c h  i s  m o d e l l e d  i n  
s e c t i o n  6.3 and n o t  t h e  l o o p  w i t h  age a s  d e s c r i b e d  above.
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Figure 6.12. Effect of input SNR on maximum initial
search rate for analogue multiplier loop 
without AGC.
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Figure 6.13. Effect of input SNR on maximum initial 
search rate for analgoue multiplier 
loop with AGC.
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6 . 4 . 2  D i g i t a l  Delay Lock Loop Performance
I t  i s  p o s s i b l e  t o  u s e  a n  EX-OR m u l t i p l i e r  i n s t e a d  o f  t h e  t r u e  
ana logue  m u l t i p l i e r  i n  t h e  c o r r e l a t o r  network.  In  t h i s  case  a ha rd  
l i m i t e d  c i r c u i t  an d  a low p a s s  f i l t e r  i s  n e c e s s a r y  p r i o r  t o  t h e  
c r o s s - c o r r e l a t o r  ne twork  i n  o r d e r  to  c l i p  t h e  r e c e i v e d  sequence and 
t o  al low only  two s i g n a l  l e v e l s  to  be passed  t o  the  delay  l o c k  loop.  
I t  i s  no ted  t h a t  some l o s s  i s  ex p e c te d  i n  performance  when u s in g  h a rd  
l i m i t e r s  ( a l s o  o b t a i n e d  by T o z e r  [ 7 ]  o f  1.96 dB l o s s ) .  However ,  
t h e r e  i s  a c t u a l l y  a m a r g i n a l  i m p r o v e m e n t  i n  p e r f o r m a n c e  o f  t h e  
d i g i t a l  c o r r e l a t o r  over the  ana logue  c o r r e l a t o r  w i t h  a u t o m a t i c  g a i n  
c o n t r o l  a t  up t o  -20dB SNR a s  f o u n d  by Ormondroyd  and  S h i p t o n  [ 6 ]  
an d  Ormondroyd,  Comley a n d  A l-R aw as  [ 8 ] .  However ,  f r o m  - 2 0  t o  - 4 0  
dB, t h e  analogue c o r r e l a t o r  p e r fo rm s  b e t t e r .  F ig u re  6.14 shows t h e  
maximum i n i t i a l  s e a r c h  r a t e  v e r s u s  the  i n p u t  s i g n a l  t o  n o i s e  r a t i o  
f o r  d i g i t a l  c o r r e l a t o r  w i t h  hard  l i m i t e r s  w i t h  and w i t h o u t  low pass  
f i l t e r s  i n  the c r o s s - c o r r e l a t o r  networks  arms.
The key f e a t u r e s  o f  t h e  c u r v e s  g i v e n  i n  F i g u r e  6.13 and F i g u r e  
6.14  [ 8 ]  a r e :  (1 )  The s h a p e  o f  b o th  c u r v e s  i s  s i m i l a r ,  s h o w i n g  a n  
approx im ate  e x p o n e n t i a l  d e c r e a se  i n  maximum i n i t i a l  s ea rch  r a t e  w i t h  
i n p u t  s i g n a l  t o  n o i s e  r a t i o  (dB) f o r  SNR < 0 dB: (2)  t h e  d i g i t a l  
de lay  l o c k  lo o p  can t o l e r a t e  a p p ro x im a te ly  2 dB worse i n p u t  s i g n a l  to  
n o i s e  r a t i o  t o  m a i n t a i n  the  same i n i t i a l  s e a r c h  r a t e :  (3) f o r  s i g n a l  
t o  n o i s e  r a t i o  g r e a t e r  t h a n  0 dB t h e  maximum i n i t i a l  s e a r c h  r a t e  
s a t u r a t e s  t o  t h e  v a l u e  p r e d i c t e d  f o r  th e  n o i s e l e s s  c a s e :  (4)  a 6 dB 
i m p r o v e m e n t  i n  s i g n a l  t o  n o i s e  r a t i o  i s  o b t a i n e d  i n  e i t h e r  o f  
ana logue  or d i g i t a l  m u l t i p l i e r  when f o l l o w e d  by a low pass  f i l t e r .
However, compar ing  th o s e  r e s u l t s  w i t h  t h a t  shown i n  F ig u re  6.12, 
i t  i s  c l e a r  t h a t  by u s i n g  a n a l o g u e  m u l t i p l i e r s  w i t h o u t  AGC, t h e
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maximum i n i t i a l  s ea rch  r a t e  can be m a in t a i n e d  c o n s t a n t  t o  a t  q u i t e  
low in p u t  s i g n a l  t o  n o i s e  r a t i o .
F i g u r e  6,15 show s  t h e  a c q u i s i t i o n  t r a j e c t o r i e s  o f  a 2-A d e l a y
l o c k  lo o p  i n  no isy  c o n d i t i o n s .
6 .5  CONCLUSIONS
This  c h a p t e r  has  i n t r o d u c e d  a computer  model of  t h e  a c q u i s i t i o n  
b e h a v i o u r  o f  a  2 a d e l a y  l o c k  l o o p  i n  n o i s y  c o n d i t i o n s .  The model  
a l l o w e d  b o th  a m p l i t u d e  and  p h a s e  j i t t e r  t o  be a p p l i e d  s e p a r a t e l y .  
The r e s u l t s  showed t h a t  both a m p l i t u d e  and phase j i t t e r  worsened  th e  
p r o b a b i l i t y  o f  a c q u i r i n g  i n i t i a l  s y n c h r o n i s a t i o n  f o r  any v a l u e  o f  
i n i t i a l  sea rch  r a t e .
I t  w as  s e e n  t h a t  t h e  SNR a t  t h e  d e l a y  l o c k  l o o p  c o r r e l a t o r  
o u tp u t  had t o  f a l l  t o  ab o u t  -lOdB b e fo re  the  p r o b a b i l i t y  of  a c q u i r i n g  
l o c k  on t h e  f i r s t  p a s s  f e l l  s i g n i f i c a n t l y ,  and  f o r  r e l a t i v e l y  h i g h  
SNR i n i t i a l  s e a r c h  r a t e  had  very  l i t t l e  e f f e c t  on the  p r o b a b i l i t y  of  
l o c k .  I n t e r e s t i n g l y ,  h o w e v e r ,  i t  w as  f o u n d  t h a t  t h e r e  w as  a n  
"optimum* s e a r c h  r a t e  a t  w h i c h  t h e  l o o p  c o u l d  be o p e r a t e d  i n  t h e  
w o r s t  c a s e  n o i s e  t o  a c h i e v e  a g i v e n  p r o b a b i l i t y  o f  l o c k .  I n  
p a r t i c u l a r ,  a r b i t r a r i l y  d e c r e a s i n g  t h e  i n i t i a l  s e a r c h  r a t e  d i d  n o t  
nece ss a ry  improve t h e  p r o b a b i l i t y  of  a c q u i r i n g  lock .
The e x p e r i m e n t a l  r e s u l t s  e x t e n d e d  t h e  a n a l y s i s  t o  i n c l u d e  t h e  
e f f e c t s  o f  age  an d  h a r d  l i m i t i n g  w h i c h  a r e  o f t e n  a p p l i e d  t o  d e l a y  
l o c k  l o o p s .  These  t y p e s  o f  l o o p  b e h a v e d  i n  d i f f e r e n t  w a y s  t o  t h e  
s im u l a t e d  l o o p  because  of th e  dec re a se  i n  e f f e c t i v e  l o o p  g a i n  a s  t h e  
n o i s e  l e v e l  i s  i n c r e a s e d .  As a c o n s e q u e n c e  t h e  maximum a l l o w a b l e  
sea rch  r a t e  was seen  t o  dec re a se  a u t o m a t i c a l l y  as t h e  i n p u t  SNR r a t i o  
was in c r e a s e d .
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CHAPTER SEVER 
SDMMARY OF CONCLUSIONS
I n  t h i s  t h e s i s ,  an  i n v e s t i g a t i o n  h a s  b e e n  c a r r i e d  o u t  m a i n l y  
i n t o  th e  s y n c h r o n i s a t i o n  and t r a c k i n g  of pseudorandom sequences,  a s  
used i n  sp read-spec t rum  communication systems and i n  r a n g in g  systems.  
Four main problem a r e a s  have been d e f in e d ,  namely:
( a )  The need to  s e l f  s ynch ron ise  t h e  l o c a l  code i n  a s p read - s p ec t ru m  
r e c e i v e r  t o  t h e  r e c e i v e d ,  d a t a  m o d u l a t e d ,  code  a s  q u i c k l y  a s  
p o s s i b l e .
(b )  The need  t o  s i m p l i f y  t h e  d e s i g n  o f  t h e  r e c e i v e r  i n  c e r t a i n  
a p p l i c a t i o n s  w h e r e  a s i n g l e  t r a n s m i t t e r  c o m m u n i c a t e s  w i t h  a 
l a r g e  number o f  r e c e i v e r s  w i t h o u t  c o m p r o m i s i n g  t h e  s y s t e m  
performance.
( c )  T h e  u s e  o f  c o m p o s i t e  s e q u e n c e s  t o  a c h i e v e  r e d u c e d  
s y n c h ro n i s a t i o n  t ime.
(d)  The e f f e c t  o f  w h i t e  n o i s e  on t h e  a c q u i s i t i o n  p e r f o r m a n c e  o f  a 
delay  l o c k  loop.
A f u r t h e r  problem, t h a t  of  o p t i m i s i n g  t h e  power c o n ta in e d  i n  t h e  
main lo b e  of the  t r a n s m i t t e d  s i g n a l ,  h a s  a l s o  been cons ide red .  These
problems  were  co n s id e re d  i n  C hap te rs  3-6 o f  th e  t h e s i s .
In  Chapter  3» a computer  model f o r  the  a c q u i s i t i o n  t r a j e c t o r y  o f  
a de lay  loc k  loop  was  o b ta in e d  and i t  was found t h a t  t h e  w id th  of  the  
d i s c r i m i n a t o r  c h a r a c t e r i s t i c  of  a de lay  l o c k  lo o p  had an im p o r t a n t  
e f f e c t  upon th e  maximum sea rch  r a t e  which could  be used between th e
-  3 7 7  -
tw o  c o d e s  u n d e r  n o i s e l e s s  c o n d i t i o n s ,  and an  e x p r e s s i o n  r e l a t i n g  
maximum search  r a t e  t o  th e  w id th  of  the  d i s c r i m i n a t o r  c h a r a c t e r i s t i c s  
w a s  d e v e l o p e d .  F u r t h e r ,  a n o v e l  m e thod  o f  o b t a i n i n g  c o n s i d e r a b l y  
h i g h e r  s e a r c h  r a t e s  i n  a d e l a y  l o c k  l o o p  w as  g i v e n  w h i c h  e n t a i l e d  
c o n t r o l l i n g  t h e  d i s c r i m i n a t o r  c h a r a c t e r i s t i c  from w i t h i n  t h e  l o o p  
u s in g  an e x t r a  m u l t i p l i e r  and a compara to r .  The new lo o p  was  t e s t e d  
e x e r i m e n t a l l y  and found t o  be i n  e x t r e m e ly  good ag reem en t  w i t h  t h e  
t h e o r e t i c a l l y  p r e d i c t e d  r e s u l t s .  The r e s u l t s  show t h a t  t h e  
i m p r o v e m e n t  o b t a i n e d  by s w i t c h i n g  t h e  l o o p  i s  by a f a c t o r  o f  
a p p ro x im a te ly  2.5 t im e s ,  f o r  a wide range  of de lay  l o c k  loops .
U n l i k e  t h e  s t a n d a r d  d e l a y  l o c k  l o o p ,  w h e r e  t h e  l o o p  g a i n  h a s  
very l i t t l e  e f f e c t  on the  maximum i n i t i a l  s e a r c h  r a t e  f o r  G>10, the  
sw i tc h e d  de lay  loc k  lo o p  was found t o  be dependent  upon lo o p  g a i n  and 
p a r t i c u l a r l y  by t h e  p o s i t i o n  i n  t h e  a c q u i s i t i o n  p r o c e s s  a t  w h i c h  
s w i tc h o v e r  occurred.  And t h i s  was f u l l y  d i scussed .
The e f f e c t  of i n i t i a l  s e a r c h  r a t e  on p u l l - i n  t im e  h a s  a l s o  been 
cons idered .  I t  was found t h a t  th e  c h a r a c t e r i s t i c  o f  t h e  p u l l - i n  t i m e  
a g a i n s t  the i n i t i a l  s e a r c h  r a t e  can be s p l i t  i n t o  t h r e e  r e g io n s .
a)  T h a t  r e g i o n  d o m i n a t e d  by t h e  epoch  s e a r c h  p r o c e s s  w h i c h  i s  
i n v e r s e l y  p r o p o r t i o n a l  to  the  s e a rc h  r a t e .
b) T h a t  p a r t  o f  t h e  c h a r a c t e r i s t i c  d o m i n a t e d  by i n i t i a l  f i n e  p h a s e  
s y n c h r o n i s a t i o n  -  or p u l l - i n .  Here i t  was found t h a t  p u l l - i n  t im e  
i s  l a r g e l y  i n d e p e n d e n t  o f  t h e  i n i t i a l  c o n d i t i o n s  and  d e p e n d e n t  
only on the  loop  p a ra m e te r s  such a s  and Ç.
c) S e t t l i n g  t ime.  This  t im e  i s  c r i t i c a l l y  dependent  upon t h e  i n i t i a l  
s e a r c h  r a t e ,  such  t h a t  t h e  c l o s e r  t h e  i n i t i a l  s e a r c h  r a t e  i s  t o  
^max lo n g e r  the  s e t t l i n g  t ime .
-  3 7 8  -
I t  has  a l s o  been found t h a t  th e  use of a h igh  damping r a t i o  can 
a l s o  i n c r e a s e  the  i n i t i a l  s ea rch  r a t e ,  and a t e c h n iq u e  f o r  s w i t c h i n g  
t h e  damping r a t i o  from a l a r g e  v a lu e  d u r in g  t h e  i n i t i a l  s ea rch  p^ase,  
back  t o  0.707  when an i n - l o c k  i n d i c a t i o n  was given.  A p a r t i c u l a r l y  
i m p o r t a n t  f i n d i n g  w as  t h a t  t h e  t e c h n i q u e  o f  s w i t c h i n g  t h e  d a m p in g  
r a t i o  was f a r  l e s s  c r i t i c a l  on t h e  l o o p  s t a b i l i t y  tha n  s w i t c h i n g  
which i s  a l s o  a techn ique  used to  i n c r e a s e  i n i t i a l  s e a rc h  r a t e .  For 
a sw i tched  2A delay l o c k  lo o p  the  n o rm a l i s e d  s e a rc h  r a t e  was found t o  
i n c r e a s e  from 5.1 to  9.2 to  13.3 b i t s ” ^ when damping r a t i o s  o f  0.707, 
1.414 and 2.121 were used  r e s p e c t i v e l y .  For the  sw i tch ed  4-A lo o p  t h e  
s e a r c h  r a t e  was  f o u n d  t o  i n c r e a s e  f ro m  9.9 t o  26.5 b i t s " !  when t h e  
damping r a t i o  was i n c r e a s e d  from O.7 0 7  t o  2.121.
These  v a r i o u s  l o o p  c o n f i g u r a t i o n s  w e r e  a p p l i e d  t o  tw o  d a t a  
m o d u l a t e d  s p r e a d  s p e c t r u m  s y s t e m s ,  o n e  u s i n g  a d a t a  s o u r c e  
s y n c h r o n i s e d  t o  t h e  s p r e a d i n g  s e q u e n c e ,  a n d  o n e  w h i c h  w a s  
a s y n c h r o n o u s .  The f o r m e r  t y p e  o f  m o d u l a t i o n  w as  d e t e c t e d  u s i n g  a 
n o v e l  ty p e  of  r e c e i v e r  u s i n g  d a t a  f e e d b a c k ,  w h i l s t  t h e  l a t t e r  w a s  
d e t e c t e d  i n  a l o o p  w i t h  e n v e l o p e  d e t e c t i o n .  I n  e a c h  c a s e  no  
d e g r a d a t i o n  i n  i n i t i a l  s e a rc h  r a t e  performance  was observed .
In  Chapter  Four, s e v e r a l  n o v e l  s p r e a d  s p e c t r u m  c o n f i g u r a t i o n s  
w ere  descr ibed .  F i r s t  a method was g iven  to  reduce  t h e  co m p lex i ty  of  
the  r e c e i v e r  t o  a s i n g l e  c o r r e l a t o r  (one l o c a l  code sequence ,  and one 
l i n e a r  m u l t i p l i e r ) .  This  was ach ieved  by g e n e r a t i n g  and t r a n s m i t t i n g  
m u l t i - l e v e l  sequences.  Th is  type of t e c h n iq u e  i s  p a r t i c u l a r l y  u s e f u l  
where s e v e ra l  r e c e i v e r s  a r e  connec ted  t o  a common t r a n s m i t t e r .  For a 
2-A delay  l o c k  lo o p  the  t r a n s m i t t e d  s ig n a l  h a s  t h r e e - l e v e l s  and f o r  
4-A d e l a y  l o c k  l o o p  i t  h a s  s e v e n - l e v  e l  s. E x p e r i m e n t a l  r e s u l t s  f o r  
r e c e i v e r  s y s t e m s  h a v i n g  2-A and 4-A d e l a y  l o c k  l o o p s  showed  no
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d e g ra d a t io n ,  i n  e i t h e r  the  s ea rch  r a t e  or  t h e  w h i t e  no ise  r e j e c t i o n  
p e r f o r m a n c e ,  c o m p a re d  w i t h  a c o n v e n t i o n a l  s y s t e m ,  a s  a r e s u l t  o f
t h e s e  m o d i f i c a t i o n s .  The 2-A and 4-A de lay  lo c k  lo o p s  were  t e s t e d  
e x p e r i m e n t a l l y  under poor s i g n a l  t o  n o i s e  r a t i o  c o n d i t i o n s  down 
to  -35dB f o r  the  2A loop  and -30dB f o r  the  4A loops ,  u s in g  broadband 
w h i te  n o i s e  i n t e r f e r e n c e ,  w i t h  no d e g r a d a t i o n  i n  per formance.
F u r th e r  delay  l o c k  lo o p  v a r i a n t s  were  p r e s e n t e d  i n  Chapter  Four 
which had the  advan tage  of hav ing  both a h ig h e r  s e a r c h  r a t e  than  th e  
s t a n d a r d  l o o p  and a r e l a t i v e  i m p r o v e m e n t  i n  t h e  s i g n a l  t o  n o i s e  
performance when the  bandw id ths  of the  r e c e i v e r  i s  r educed  to  60$ of  
t h e  o r i g i n a l  m a i n l o b e  b a n d w i d t h  (by  v i r t u e  o f  t h e  i m p r o v e d  
u t i l i s a t i o n  of the  main  lobe  power spec trum).  Some of the  s t r u c t u r e s  
o u t l i n e d  a r e  r e l a t i v e l y  s im p le  t o  im plem ent.  These im provements  were  
a c h i e v e d  by t r a n s m i t t i n g  t h r e e  l e v e l  s e q u e n c e  g e n e r a t e d  i n  t h e  
t r a n s m i t t e r  s i m p l y  by a d d i n g  a h a l f - b i t  s h i f t e d  v e r s i o n  o f  t h e  
t r a n s m i t t e d  sequence t o  i t s e l f .  Other  i m p o r t a n t  p o i n t s  d i s c u s s e d  i n  
t h e  C h a p t e r ,  s t a t e d  t h a t  t h e  use  o f  m u l t i - l e v e l  s e q u e n c e s  a t  t h e  
t r a n s m i t t e r  i n  c o n j u n c t i o n  w i t h  l o o p s  s u c h  a s  1-A and 2-A i n  t h e  
r e c e i v e r  c a n  now g e n e r a t e  w i d e r  N - s h a p e  e r r o r  c u r v e s ,  w i t h  
c o r r e s p o n d i n g  h i g h e r  s e a r c h  r a t e s .  The o n l y  p e n a l t y  p a i d  by 
t r a n s m i t t i n g  and r e c e i v i n g  t h e  m u l t i - l e v e l  sequence i s  t h e  n e c e s s i t y  
of  u s i n g  a l i n e a r  a m p l i f i e r  i n  b o th  t h e  t r a n s m i t t e r  and  r e c e i v e r  
r a t h e r  than  th e  commonly used n o n - l i n e a r  one used t o  a m p l i f y  th e  two 
l e v e l  s t a n d a rd  sequence.
A n o th e r ,  r a t h e r  d i f f e r e n t  t y p e  o f  s e q u e n c e  i s  d e s c r i b e d  i n  
C h a p t e r  F iv e .  I t  i s  c a l l e d  a c o m p o s i t e  s e q u e n c e  o r  a K r o n e c k e r  
sequence, and has  p r e v io u s ly  been a p p l i e d  by some a u t h o r s  to  sp read
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spectrum systems. I t  i s  a two le v e l  sequence, but constructed from 
two or more short component sequences. The m aterial in  th is  chapter 
c o n c e n tr a te s  on two a s p e c t s :  a) th e  p r o p e r t ie s  o f  t h i s  type of  
sequence; and (b) process of synchronisation. The auto- and cross­
c o r r e la t io n  p r o p e r t ie s  of the com posite sequence were discussed in  
d e t a i l .  S ev era l d i f f e r e n t  typ es  of seq u en ces  were co n s id ered  as  
component seq uences , such as maximal le n g th  seq uences  and Barker  
codes. I t  was found th at some of th ese  seq uences  show very good 
auto- and cro ss -co rre la t io n  properties, and a number of r e la t io n sh ip s  
were given from which the type and length of the component sequence, 
and consequently the r e su lt in g  composite sequence, could be se lec ted  
fo r  spread spectrum a p p l ic a t io n s .  The r e l a t i o n s h i p  between the  
le n g th  of the  in n er  and outer  component sequence was found to  be 
p a r t ic u la r ly  im p ortant in  the power s p e c t r a l  d i s t r i b u t i o n  of the  
transm itted sequence in  which contiguous sidebands can be determined, 
and i t  i s  a l s o  im p ortan t fo r  the sy n c h r o n isa t io n  p ro c ess  of the  
composite sequence in  the receiver.
As far  as synchronisation of th is  type of sequence i s  concerned 
a su g g e s te d  method was g iv en  a t  the end of Chapter F ive  which  
involved the use of the modified switched delay lock loop discussed  
in  Chapter three to synchronise the inner component sequence follow ed  
by a RASE or RARASE sequential est im ation  system to synchronise the 
outer component sequence. Using th is  technique the a cq u is it io n  time 
could be reduced s u b s t a n t i a l l y ,  even a t very low input s ig n a l  to  
noise r a t io s .
F ina lly  in  Chapter Six, the e f f e c t  of the white Gaussian noise  
on the maximum i n i t i a l  search r a t e  was d is c u s se d .  E xperim ental  
r e s u lt s  for 2-A delay lock loop have shown that the maximum i n i t i a l
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search rate depends on the type of correlator used in  the delay lock  
loop. In the case of an analogue m u lt ip l ier ,  without automatic gain
c o n tr o l ,  the maximum i n i t i a l  search  r a te  rem ains c o n s ta n t  down to  
about -30dB s ig n a l  to  n o is e  r a t io .  However, w ith  au to m a tic  ga in  
control and a hard l im i t e r ,  the maximum i n i t i a l  search rate drops 
to  about 10$ a t  about -30dB s ig n a l  to  n o is e  r a t io .  S im i la r  r e s u l t s  
were ob ta in ed  fo r  an EX-OR g a t e s  c o r r e la to r .  I t  was a l s o  n o t ic e d  
th a t  about 6dB b e t t e r  s ig n a l  to  n o is e  r a t i o  could be o b ta in ed  i f  a 
low pass f i l t e r ,  whose bandwidth i s  lOx th e  bandwidth o f the lo o p  
f i l t e r ,  i s  used in  each arm of the correlator network.
As further work, an area of work which immediately id e n t i f i e s  
i t s e l f  i s  the extension  of the noise a n a ly s is  to cover the switched  
delay lo ck  loop . A lso th e  use o f  com p osite  seq uences  to  a id  the  
i n i t i a l  sy n c h r o n isa t io n  p r o c ess  i s  an area , which may y e t  y i e l d  
im p ortant r e s u l t s  in  m u l t i - u s e r  spread-spectrum  system s. Of 
p a r t ic u la r  i n t e r e s t ,  i s  the com b in ation  of the delay  lo c k  lo o p  and 
the RASE or RARASE sequential est im ation  systems. The use of m ulti­
l e v e l  sequences opens up many i n t e r e s t i n g  p o s s i b i l i t i e s  in  m u l t i ­
r e c e iv e r  spread spectrum and ran g in g  system s. In p a r t i c u la r  the  
h a l f - b i t  s h i f t ,  m u l t i - l e v e l  sequence system  was only  c o n s id ered  
t h e o r e t i c a l l y ,  and a p r a c t i c a l  im p lem en ta t io n  may be needed to  
confirm the th eoretica l predictions.
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APPENDIX 1 
EXPERIMENTAL DETAILS
Every delay  lo ck  lo o p  im plem ented e x p e r im e n ta l ly  in  t h i s  t h e s i s  was 
t e s t e d  u s in g  a baseband model of the a p p ro p r ia te  loop  c o n f ig u r a t io n .  
P a r t ic u la r  care  was taken i n  the  d es ig n  of the lo o p  to  ensure  th a t  th e  lo o p  
performed in  an ' id e a l  way'. To a c h ie v e  t h i s  the frequency  of the PN 
sequence was s c a le d  down to  IMHz and th e  lo o p  n atu ra l frequency s e t  to  the  
normalised value of 1 rad s"!. In th is  way, im perfections in  the components 
used, such as the  bandwidth and phase resp on se  of a m p l i f i e r s ,  m ixers  and 
f i l t e r s  had a n e g l i g i b l e  e f f e c t  on the o p e r a t io n  of the loop . In p r a c t ic e ,  
very high code c lo ck  f r e q u e n c ie s  and n a tu ra l  lo o p  bandwidths p lace  
constra in ts  on the choice of mixer and am p lif ier  components, requiring them 
to  have very wide bandwidths and l i n e a r  phase resp o n ses .  F a i lu r e  to  meet 
th ese  req u irem en ts  r e s u l t s  in  r e d u c t io n  i n  lo o p  performance. Further  
reductions in  performance a lso  occur when c ir c u i t  components such as envelope 
d e t e c t o r s  and bandpass f i l t e r s  are p laced  i n  each arm of the  lo o p ,  and 
p a r t i c u l a r ly  when the  lo o p  i s  op erated  a t  an IF frequency  (say 10.7MHz) 
rather than at baseband.
In t h i s  work th e  analogue m ix e r s  used in  th e  delay  lo c k  lo o p  were  
M otorola 1495. These are w idebandw idth  low n o is e  m ixers  w ith  very  w ide  
dynamic range and a very low operating signal l e v e l  requirement. The d ig i ta l  
m ixers  were sim ply TTL EX OR g a t e s  w hich  work w e l l  a t  IMHz. A ll o th er  
d ig i ta l  c ircu itry  was e ith e r  TTL 74 s e r ie s  or 74S ser ies .
A component of p a r t i c u la r  im portance i s  the d i f f e r e n c e  a m p l i f i e r  
coupling both arms of the delay lock loop. Ormondroyd and Shipton [1] have 
shown th a t t h i s  p a r t ic u la r  component must not d i s t o r t  the d i f f e r e n c e d  
waveform i f  optimum performance i s  to be obtaine. A particu lar  problem i s  
arm-gain imbalance. To reduce signal d is to r t io n  a t  th is  point the summing 
am p lifier  used was an LF157 operational a m p lif ier  which has a very high gain  
bandwidth product o f  50MHz and a slow r a t e  i n  e x c e s s  o f  70V/jus. To ensure  
that arm gain imbalance was estim ated by careful impedance matching of the 
inputs of the difference  am plifier . All a c t iv e  f i l t e r s  used in  the loop were 
a ls o  im plem ented u s in g  L FI 5 7 * s. Where bandwidth was not a major d es ig n  
c r it e r ia  TL'08l BiFet a m p lif iers  were used. These am p lif iers  were used to  
make the threshold detectors  and peak hold detectors.
The v o lta g e  c o n t r o l l e d  o s c i l l a t o r  was a standard VCXO c i r c u i t  u s in g  a 
lOMHz crystal o s c i l la to r ,  which was then divided to  g ive  a IMHz square wave.
All analogue switches were e ith er  CMOS 4016 types of LFI2333 types.
To make the measurements of phase an EX OR gate and integrator were used 
in conjunction with a precis ion  vol time ter  or an o sc il lo sco p e . Special broad 
range phase detectors are d e ta iled  in  Chapter 3*
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[1] Ormondroyd, R.F. and S h ip ton , M.S.: "The dynamic performance of delay  
lo c k  loop code s y n c h r o n ise r s  ..." 1ERE Conf. Proc. No. 50, pp 149-181, 1979*
- 382a - 
APPENDIX 2 
PRINTED PUBLICATIONS
The fo llow in g  i s  the l i s t  of pu blications that have a r isen  as a 
r e su lt  of part of the work reported in  th is  th es is .
1. Al-Rawas, L.A. and Ormondroyd, R.F. "Novel de lay  lo c k  lo o p
i m p l e m e n t a t i o n  f o r  r e d u c e d  a c q u i s i t i o n  t im e  o f PN 
sequences". E le c t r o n ic  l e t t e r ,  vo l .  20, No. 1, pp. 22 -2 4 ,  
1984.
2. Ormondroyd, R.F., Al-Rawas, L.A., and Comley, V.E. "Imposed
DLL c o n f ig u r a t io n  fo r  PN code a c q u i s i t i o n  and tracking" .  
lEE Conf. Proc. No. 235, pp. 175-18 0, 1984.
3. Ormondroyd, R.F., Comley, V.E. and Al-Rawas, L.A. "Accurate
tr a c k in g  o f PN m od ulation  in  adverse  SNR co n d it io n s" .
Proceedings of the lEE Conference on mobile radio systems 
and techniques. York. pp. 225-229, 1984.
4. Ormondroyd, R.F. and Al-Rawas, L.A. "An improved de lay  lo c k
loop for use in  ranging and data modulated spread spectrum 
system s". In P ress , lEE Proc. Vol. 132, Part G, 1985.
— 383 —
T he search  ra te  is a far longer p rocess th a n  the pull in tim e, so 
it is vital th a t the initial search  velocity is m axim ised w ithout 
increasing  the  loop  ban d w id th , by increasing  the ra tio  of the 
tim e th a t the  loop  decelerates re la tive  to  the initial acceler­
a tio n  even if this is a t the expense o f the pull-in tim e Davies 
a n d  A l-Raw as* * have used th is techn ique  to  a d san tag e  by 
b ro a d en in g  the d iscrim ina to r charac te ris tic  beyond the 
n o rm al 2A configuration . T h is  letter show s th a t further signifi­
c an t reductions  in a cqu isition  tim e m ay  be ob ta ined  by c o n ­
tro llin g  the  shape o f the  d iscr im in a to r characteristic  from  
w ith in  the  loop  so th a t there  is m in im al acceleration of the 
search  ra te  d u rin g  pull in
NOVEL DELAY-LOCK-LOOP 
IMPLEMENTATION FOR REDUCED 
ACQUISITION TIME OF PN SEQUENCES
Indexing terms ■ Codes, Code synchronisation, Spread- 
spectrum techniques, Delay-lock loops
Pseudo-noise codes are widely used in spread-spectrum  sys­
tems. A technique is described which significantly im proves 
the acquisition speed of such codes. This consists o f gener­
ating  a broad  discrim inator characteristic w hose phase may 
be controlled autom atically by the loop  filter ou tpu t. Experi­
m ental and  com puted acquisition tra jectories of the new 
loop are com pared with standard  loops.
In troduction: D elay-lock track ing  loops (D LL)* * a re  fre­
q u en tly  used in sp read-spec trum  receiver system s to  p rov ide  
phase  synch ron isa tion  betw een the p seudo -no ise  sequence 
em bedded  in the  signal received from  the  tra n sm itte r  an d  a 
locally  generated  replica sequence. T h is  type  o f lo o p  s ep a ra ­
tely corre la tes the received sequence w ith  several delayed 
rep lica  sequences which are  clocked from  a vo ltage co n tro lled  
o scilla to r (VCO). Each separa te  c o rre la tio n  betw een the 
sequences produces a tr iangu la r co rre la tio n  func tion  o f w idth 
2A bits. These a re  sca la r w eighted, differenced a n d  filtered to 
p ro d u ce  the  static  N -shaped  e rro r curve, o r d iscr im in a to r 
ch arac te ris tic , o f the D L L  which is used to  co n tro l the  fre­
q u en cy  o f the V C O . This charac te ris tic  is show n  in F ig  I for a 
2A lo o p  Because there is no  delay e rro r in fo rm a tio n  p rov ided  
b eyond  the N -shaped  charac te ristic  the V C O  frequency is 
offset slightly from  the clock frequency o f the  tran sm itted  
s ignal so th a t all relative phases betw een the  codes m ay be 
searched  serially until the  codes com e in to  phase  sy n ch ro ­
n isa tio n , at which po in t the delay e rro r in fo rm atio n  is fed to  
the  V C O  to  effect locking  
T he  dynam ics of acqu isition  are  de te rm ined  by the  loop  
gain , loop  filter characteristics  and  the sh ap e  o f the  d iscrim i­
n a to r  characteristic . In the s tan d a rd  lo o p  co n fig u ra tio n , w hen 
th e  sequences begin to  com e in to  sy n ch ro n isa tio n  the  positive  
slope of the e rro r curve causes the search  ra te  to  accelerate. As 
the  delay  e rro r decreases the e rro r curve changes  to  hav ing  a 
negative  slope and  the search ra te  decelerates. T he  acce ler­
a tio n  in search ra te  gives the loop  a fast pull in tim e, but it 
a lso  sets an upper lim it on the m axim um  value o f initial 










and the swiit hrd  26  lo<ip I  ). using sequem es IS ,. , arul Ü,. , )  and
(6 ,.  , and 5 , , ,  I. respertiiely
Fig 2 Schematic circuit diagram o f  neu technique implemented on a 26 
ranging loop
P rin c ip le  o f  m e th o d :  Fig  2 show s the  new technique applied to  
a 2A D L L  used in rang ing  receivers. T h is  is purely for illu s tra ­
tion  a n d  the  techn ique m ay be app lied  to  any D LL configu­
ra tio n . C o n tro l o f  the d iscrim in a to r charac te ris tic  is achieved 
by th e  ad d itio n  o f a c o m p a ra to r , la tch ing  changeover switch 
a n d  a linear m ultip lier in the  S ,„ , a rm  of the loop  For a 
b in a ry  sequence an  exclusive-O R  ga te  contro lled  by an R-S 
la tch  m ay  be used instead  o f the  m ultip lier and switch. The 
s ta te o f  the D C  inpu t to  the  m u ltip lier d ic tates w hether S , . , 
o r S ,4 , is fed to  one arm  of the  D L L . If S , , ,  is used the 
co n v en tio n a l d iscrim ina to r ch arac te ris tic  o f Fig 1 is m odified 
to  the  b roken  curve o f F ig  I It shou ld  be noted  tha t because 
the lo o p  filter rem ains u nchanged  the in-lock noise p e r­
fo rm ance o f the new loop  is sim ilar to  th a t of the conventional 
loop.
W hen  the  loop  is in the in itia l search  phase the co m p ara to r 
o u tp u t is such  as to  cause 5 ,+ , to  be fed to  the D L L  co rre la ­
tor. W hen  the codes a re  w ithin 2 b its  o f synchron isation , the 
negative  slope o f the d iscrim in a to r charac te ris tic  causes the 
search  ra te  to  be dece lera ted . W hen the codes arc ap p ro x ­
im ately  I bit from  sy nch ron isa tion  the  d iscrim inato r ou tpu t is 
a t its  m axim um  negative value. T h is  is com pared  with a 
s im ila r value reference voltage by the  co m p ara to r, which 
changes  s ta te , causing  the  la tch in g ch angeover switch to 
change  s ta te  also. T he po la rity  o f S , i s  reversed and the 
d iscr im in a to r charac te ris tic  reverts to  th a t o f a conventional 
loop . i.e the  slope of the ch a rac te ris tic  rem ains  negative for a 
fu rth er 2 b its  o f delay e rro r. A step  change in d iscrim inator 
o u tp u t,  an d  hence V C O  frequency, does not occur because of 
the  lag-lead  transfer charac te ris tic  H(s) o f the active loop  filter, 
bu t a  sm all positive change  is inevitab le F o r a loop  filter 
w hich  gives the D L L  a dam p in g  fac to r o f (  =  0  7 the period of 
acce le ra tio n  is sh o rte r th a n  the  I bit o f a s tandard  loop, and  
as a consequence  a higher in itia l search  velocity m ay be used. 
T he  increase  in search  velocity possib le  is determ ined by the 
lo o p  filter charac te ristic  an d  by the  po in t a t which the co m p a ­
ra to r  changes s ta te  Ideally the sw itchover should occur as 
close to  the  peak negative o u tp u t o f the  co rre la to r as possible 
if m ax im um  benefit from  the change in slope is to  be achieved 
T he  la tch  is necessary to  ensure  th a t the sequence cannot 
ch an g e  po larity  after triggering, even th o u g h  the co m p ara to r 
changes  s ta le  w hen the e rro r  voltage falls as the loop  finally 
becom es phase synchron ised  If the lo o p  shou ld  lose lock an 
ou t-o f-lock  d e tec to r (not show n) resets the changeover switch 
to  en su re  th a t S ,, , is fed to  the D l l d u ring  the serial search
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A cquisition perform ance: F o r a n  idealised noise-free loop , o f 
infiitite ga in , w ith  the  lo o p  filter transfer function  op tim ised  to  
a  linearly  ch an g in g  delay in p u t the  acqu isition  tra jec to ry  is the  
so lu tio n  to  the  following non lin ea r differential e q u atio n s:
4> *= -D ( c )  — J{2)4>
rc
(II
w here c is the  de lay  e rro r betw een the  received an d  locally  
generated  sequences an d  D{c) is the  d iscr im in a to r c h a ra c te r­
istic no rm alised  to  a slope o f unity  at the  orig in  * F o r  the  case 
o f  the  sw itched lo o p  D(c) is the  idealised  sw itched d iscr im i­
n a to r  charac te ris tic . F igs 3a a n d  b show  the com p u ted  a c q u i­
sition  tra jec to rie s  for 2A an d  4A^ * d iscr im in a to r 
charac te ris tics  in sw itched an d  unsw itched form s for the  
m axim um  search  ra te  consisten t w ith acqu isition  o f lock. In  
the  case o f the sw itched loop, the  p o in t a t w hich sw itch ing  
occu rred  w as a lso  ad justed  to  achieve the  m axim um  in itia l 
search  velocity. F o r the case o f the  2A lo o p  this o ccu rred  for 
£ =  -  A, as expected . It will be seen th a t there  is an  im pressive 
im provem ent in search  ra te  possib le by sw itching  the  lo o p  
F u r th e r  im provem en ts  could be m ade  by co n tin u in g  to  w iden 
the  d iscrim in a to r charac te ristics, but th is w ould  be a t the
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F ig  3 Thforeltca i and experimental acquisition trajectories o f  {a) 2A 
loop and  (/>t 4A loop, in switched and unswitched form s  
So is the bandw idth of the loop filter
 theoretical unswitched
- -  ■ -  experim ental unswitched
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expense o f increased  h a rd w are  in the receiver. Both the  2A 
and  4A sw itched loops show  the m arked  deceleration  in t r a ­
jec to ry  as the  sequences com e to  w ithin 2A of initial sy n ch ro ­
n isation . which m ay be co m p ared  w ith accelera tion  o f the 
tra jec to ry  for the  unsw itched loops. W hen the loops have 
sw itched back to  the no rm al lo o p  configu ra tion  the switched 
loop  tends to  the sam e tra jec to ry  as the unsw itched version.
Figs 3a an d  b  a lso show  the experim ental tra jectories 
o b ta in ed  on  p rac tical 2A an d  4A loops. T he pseudo-noise  
sequence was a 1023-bit m axim al sequence clocked at a 
nom inal I M bits " '.
It is c lear th a t the  unsw itched 2A an d  4A loops give a 
perfo rm ance  very close to  th a t p red icted  theoretically  In  the 
case o f the sw itched loops there  is a little m ore erro r, an d  the 
m axim um  search  velocities found experim entally  are  slightly 
low er th an  th a t p red ic ted  theoretically . T he  principal reason 
for this is th a t the  ideal sw itched d iscrim in a to r characteristics  
can n o t be achieved in practice  because o f the  loop  filter, and  a 
sm all am o u n t o f acceleration  is seen for bo th  form s o f the 
sw itched loop. Even so there is an  80 "u im provem ent in the 
search ra te  o f the  2A loop  and  a 65 "u im provem ent in the 
search  ra te  o f a  4A loop  when com pared  w ith the unsw itched 
versions. T he  sw itched 4A loop  is over th ree  times faster than  
the unsw itched 2A loop
Conclusions: A new de lay -lock -loop  configu ra tion  has been 
p resented  which provides a su b stan tia l im provem ent in the 
m axim um  search  ra te  ob ta inab le . T he cost in term s of a d d i­
tional ha rd w are  is m inim al.
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IMPROVED DLL CONFIGURATIONS FOR PN CODE ACQUISITION AND TRACKING
R.F. Ormondroyd, L.A.A. Al-Rawas and V.E. Comley
University of Bath, UK
INTRODUCTION
P s e u d o  n o ise  (P N ) s p r e a d - s p e c t r u m  te c h n iq u e s  a r e  
c u r re n t ly  u sed  In a  w ide  varie ty  of c o m m u n ic a tio n s  
s y s te m s  ( 1) s u c h  a s  c o d e  a d d r e s s e d  m u l t i - a c c e s s  
s y s te m s ,  a n t i- ja m  p ro te c tio n , a n d  ra n g in g . In all th e s e  
s y s te m s  It is u s u a l th a t s o m e  fo rm  o t ac tiv e  o r p a s s iv e  
c o r re la tio n  Is c a r r ie d  ou t In th e  re c e iv e r  to  e x tra c t th e  
d a ta  o r ran g in g  In fo rm atio n . In th e  m o s t co m m o n  
s y s te m s , u s in g  ac tiv e  c o r r e la t io n ,  a  locally  g e n e ra te d  
re p l ic a  s e q u e n c e  w ithin th e  re c e iv e r  Is c o r r e la te d  a g a in s t  
th e  re c e iv e d  s ig n a l. T h is  r e q u i r e s  th a t th e  local 
s e q u e n c e  Is s y n c h ro n is e d  to . a n d  tra cK s , t h e  r e c e iv e d  
PN s e q u e n c e ,  e v e n  In a d v e rs e  Inpu t S N R s. O p tim isa tion  
o t th e  p ro c e s s  g a in  o t th e  sy s te m  d e m a n d s  th a t p h a s e  
sy n c h ro n iz a tio n  is ex trem e ly  g o o d , e v e n  In t h e s e  p o o r  
c o n d itio n s  A n o th er o b v io u s  r e q u ire m e n t  o t th e
sy n c h ro n iz a tio n  sy s te m  Is th a t a c q u is it io n  o t lock  sh o u ld  
b e  ra p id , a n d  p h a s e  sh ift tra c k in g  s h o u ld  b e  a c c u r a te  
In s p r e a d - s p e c t r u m  s y s te m s  Initial s y n c h ro n iz a tio n  m ay b e  
a  two s ta g e  p r o c e s s  u s in g  a n  ac tiv e  ( o r  s lid in g ) 
c o r re la to r  (2 )  o r a  p a s s iv e  c o r re la to r  s u c h  a s  a  
p ro g ra m m a b le  SAW d e v ic e  (3 )  o r  CCD s (4 )  to  p rov ide  
c o a r s e  sy n ch ro n iz a tio n  to  w ithin ±1 bit. F in e
sy n c h ro n iz a tio n  a n d  tra c k in g  m ay  th e n  b e  a c c o m p lis h e d  
u s in g  e i th e r  a  d e lay  lock lo o p  (DLL) (5 )  o r th e  ta u  d ith e r 
loop  ( 6 ) .  T he  u s e  ot a  s e p a r a t e  c o r re la to r  to r  Initial 
c o a r s e  sy n ch ro n iz a tio n  Is no t v ita l, h o w ev e r, a n d  e i th e r  
th e  DLL o r ta u  d ith e r  loop  m ay a c q u ir e  Initial 
sy n ch ro n iz a tio n  a s  well a s  tr a c k  th e  d e lay  e r r o r s  b e tw e en  
th e  s e q u e n c e s .  An a d v a n ta g e  o t u s in g  a  loop  to r 
ac q u is itio n  In c o d e - a d d r e s s e d  m u l t i - a c c e s s  s y s te m s  Is 
th a t they  a r e  In h eren tly  p ro g ra m m a b le  a n d  th a t th e y  m ay 
b e  a p p lie d  to  b o th  c o h e re n t  a n d  n o n - c o h e r e n t  
s p r e a d - s p e c t ru m  sy s te m s
A cquisition  U sing  a  D elav Lock l o o p
T he d e lay  lock  loop s e p a ra te ly  c o r r e la te s  th e  r e c e iv e d  
s e q u e n c e  with se v e ra l d e la y e d  s e q u e n c e s  w h ich  a r e  
c lo ck ed  from  a vo ltag e  c o n tro lle d  o s c il la to r  (V C O ). E a ch  
s e p a r a te  c o r re la tio n  b e tw e e n  m axim al le n g th  PN 
s e q u e n c e s  p ro d u c e s  a  tr ia n g u la r  c o r re la tio n  fu n c tio n  o t 
width 2 a  b its . T h e se  Indiv idual c o r re la t io n s  a r e  s c a l a r  
w e ig h ted , su m m e d  o r d if f e re n c e d  a s  a p p ro p r ia te  (7 )  to  
p ro d u c e  th e  s ta t ic  N s h a p e d  d is c r im in a to r  c h a ra c te r is t ic ,  
o r e r ro r  c u rv e , o t th e  DLL w h ich  Is u s e d  to  c o n tro l th e  
freq u en c y  o t th e  VCO In a  f e e d b a c k  co n fig u ra tio n . T he 
e rro r  cu rv e  o b ta in e d  fo r m axim al s e q u e n c e s  g iv es  
Inform ation  re g a rd in g  th e  re la tiv e  p h a s e s  of th e  c o d e s  
only w hen  th e  s e q u e n c e s  a r e  w ithin - n a  a n d  + m a b its  o t 
sy n ch ro n iz a tio n , w h e re  n  « 1 /2 .  1 . 2 . 3 . . .  a n d  m =
1 / 2 . 1 . 2 . 3 .  . .  (7 )  a n d  th e r e  Is n o  fu r th e r  p h a s e
in fo rm ation  b eyond  th e s e  e x tre m e s  until th e  s e q u e n c e s  
next c o m e  Into s y n c h ro n iz a tio n  F ig u re  1 I llu s tra te s  th e  
d isc rim in a to r c h a ra c te r is t ic s  o t th e  ^ ( n  = m = 1 / 2 ) ,  2a 
(n  = m » 1) a n d  4 a  (n  = m = 2) lo o p s  ( 7 . 6 ) .  T he 
a d v a n ta g e  of th e  w ide a  loop  Is th a t th e  p h a s e  In fo rm ation  
Is su p p lie d  o ver a  g r e a te r  r a n g e  of d e la y  e r r o r  a n d  It 4 ia s  
th e  a d v a n ta g e  of b e in g  a b le  to  tr a c k  g r e a te r  p h a s e  
dev ia tions, b u t th is  Is a t th e  e x p e n s e  of In c r e a s e d  
h ardw are  com plex ity . B e c a u s e  of th e  la ck  o t p h a s e  
Inform ation o v er m uch  of th e  s e q u e n c e  It Is n e c e s s a r y  to  
fo rce  th e  DLL to  s e a r c h  th e  s e q u e n c e  e p o c h s  by o ffse ttin g  
the DLL's VCO re la tiv e  to  th e  c lo ck  f re q u e n c y  of th e  
rece ived  s e q u e n c e .  T h e  a c q u is it io n  tim e  Is th u s  th e  
m ean  tim e ta k e n  to  s e a r c h  th e  e p o c h s  of th e  s e q u e n c e ,  
plus th e  p u ll- ln  tim e  re q u ire d  to  a c h ie v e  a  g iven  
d e la y -e rro r  a c c u ra c y  from  th e  m o m e n t th a t d e la y  e r ro r  
Inform ation is su p p lie d  by th e  c o r re la to r  d is c r im in a to r
c h a ra c te r is t ic .
T h e  d y n a m ic s  of p u ll- ln  a r e  d e te rm in e d  by th e  loop  g a in ,  
lo o p  filte r c h a r a c te r is t ic s  a n d  th e  s h a p e  o t th e  
d is c r im in a to r  c h a r a c te r is t ic s ,  a s  d e ta ile d  below  in 
p a r t ic u la r  t h e s e  p a r a m e te r s  s e t  th e  m axim um  r a t e  ot 
c h a n g e  of p h a s e  e r r o r  w h ich  th e  lo o p  will tra c k . T hey 
a l s o  s e t  th e  m ax im um  r a te  o t c h a n g e  of p h a s e  a llo w ed  in 
t h e  Initial e p o c h  s e a r c h .  E ven  fo r m o d e ra te ly  long  
s e q u e n c e s  th e  m e a n  s e a r c h  tim e  Is c o n s id e ra b ly  lo n g e r  
t h a n  th e  p u ll- ln  t im e , y e t ,  d e s p i te  th is  ta c t .  DLL's a r e  
g e n e ra l ly  d e s ig n e d  o n  th e  b a s is  o f g o o d  p u ll- ln  
p e r fo rm a n c e  ra th e r  th a n  o n  th e  ab ility  to  s e a r c h  th e  
e p o c h s  a s  rap id ly  a s  p o s s ib le  p r io r  to  a c h ie v in g  p h a s e  
s y n c h ro n iz a tio n . H o w e v e r, by u s in g  D LL's with sw itch e d  
p a r a m e te r s  It Is p o s s ib le  to  o p tim is e  th e  s e a r c h  ra te  
w ith o u t a ffe c tin g  th e  In - lo c k  p e r fo rm a n c e  T h e  sw itch ing  
o f th e  loop  p a r a m e te r s  m ay  b e  a c h ie v e d  In s e v e ra l w ays 
to  a c h ie v e  th e s e  p e r fo rm a n c e  Im p ro v e m e n ts . T h is  p a p e r  
o u tl in e s  th e  b a s ic  sw itch e d  DLL c o n f ig u ra tio n . T he  r e s u l ts  
o f o th e r  Im p ro v e m e n ts  will b e  g iven  In th e  p re s e n ta t io n .
It Is c o n v e n ie n t to  p r e s e n t  th e  DLL a s  a  lin e a r  eq u iv a le n t 
c i r c u i t  ( 1 . 5 . 1 0 )  In w h ich  th e  s e p a r a t e  DLL c o r re la to r  
a r m s  a n d  s e q u e n c e  g e n e ra to r s  a r e  r e p la c e d  by th e  
d is c r im in a to r  c h a r a c te r is t ic s  o t f ig u re  1 ( s a y ) .  T h e  loop  
filte r  h a s  a  t r a n s f e r  fu n c tio n  F ( s )  a n d  th e  lu m p ed  g a in  ot 
th e  VCO a n d  m ix ers  Is g iven  a s  G a n d  Is a s s u m e d  to  b e  a  
s c a l a r  m u ltip lica tio n . T h e  l in e a r  m o d e l o t th e  lo o p  Is 
s h o w n  In f l g u r ^ 3 .  F rom  th is  It Is a p p a re n t  th a t th e  
tim in g  e s t im a te  T Is e x p r e s s e d  a s :
GP(")
T •  — - —  ID (« ) )  eeoonfla  (1 )
tA ie re  T -  T -  t h e  d e l a y  e r r o r  ( 2 )
D (c )  Is th e  n o rm a lis e d  d is c r im in a to r  c h a ra c te r is t ic  w hich  
r e l a te s  th e  d e la y  e r ro r  c  Into a  c o n tro l s ig n a l o p e ra te d  on  
by  Q F ( s ) / s .  It Is c o n v e n ie n t to  n o rm a lis e  th e  tim ing  
e s t im a te  a n d  d e la y  e r r o r  in to  b its , r a th e r  th a n  re a l tim e
D e f in i n g > m /T ^  •  a ,  T /T g  -  y  
a n d  u s in g  ( 2 )  w i th  ( 1 )  g lw e e i
a n d  D (« /T c )  -  D(x>
e ( y  -  a )  -  ( V ( a ) [ D ( a ) ]  O )
S p llk e r (1 0 )  h a s  sh o w n  th a t o p tim u m  p e r fo rm a n c e  Is 
o b ta in e d  If th e  loop  Is s e c o n d  o r d e r .  F ( s )  Is g e n e ra lly  
a s s u m e d  to  ta k e  o n e  of tw o fo rm s , a  p a s s iv e  la g - le a d  low 
p a s s  filter
1 ♦ TjS
o r  th e  a c tiv e  lag  le a d  low p a s s  filte r




U sing  th e  p a s s iv e  filte r fo r th e  s a k e  of g e n e ra lity . It Is 
p o s s ib le  to  d e f in e  t ,  * Q /w n • ’’a. = (2 ( /w n  -  1 /G ) a n d  
g  « G /w n w h e re  wn Is th e  n a tu ra l f re q u e n c y  o t th e  loop  
a n d  c  Is th e  d e m p in g  fa c to r . If Q Is h ig h , s u c h  th a t 1 /g  
«  2 c  th e n :
9F(«)
1 ♦ 2Ca/wn 
V9 + s/wn (6)
S u b stitu tin g  (6 )  In to  (3 )  y ie ld s  th e  e q u a tio n ;
— 386 —
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1 4 2Ca/«n 
V9 ♦ «/«n [D(*)] (7)
a n d  d e fin in g  y * 1 /« n  d y /d t  a n d  S * 1 /w n d x /d t  a#  
n o rm a lis e d  r a te s  of c h a n g e  of y a n d  x In b i t s / s e c o n d  
g iv e s  th e  re su lt:
TX*)  4 2Ç
dO(*) .
dx (X) ( • )
dx
then  th e  f in a l  ceau lt ts>
dx
dx
D(x> -  2C D(x)x 4 T -  l /9 (*  ~ T>
T h is  Is th e  d e f in in g  e q u a tio n  of th e  n o rm a lis e d  p h a s e  
p la n e  of th e  a c q u is it io n  tra je c to ry . T h is n o n lin e a r  
e q u a tio n  c a n n o t  b e  so lv ed  an a ly tica lly  in th is  w ork a  
c o m p u te r  so lu tio n  te c h n iq u e  w a s  u s e d  u s in g  th e  
R u n g e -K u tta -M e rso n  j t u m e r l c a l  m e th o d  a s  a n  in itia l v a lu e  
p ro b le m . N orm ally  y m ay  b e  a s s u m e d  to  b e  z e ro .  T h is  
te c h n iq u e  re q u i r e s  a n  Initial s e a r c h  velocity , ÿ b it s ~ ^ . 
a n d  from  th is  th e  re s u lt in g  tra je c to ry  In d ic a te s  w h e th e r  
lo c k  h a s  b e e n  a c h ie v e d . T he  Initial s e a r c h  v elocity  Is 
th e n  m od ified  e p p ro p r la te ly  until a  tra je c to ry  In d ic a tin g  
lock  Is a c h ie v e d .
F ig u re s  4  a n d  5 sh o w  th e  th e o re tic a l a c q u is itio n  
t r a je c to r ie s  of th e  2 a  a n d  4 a  lo o p s  fo r s e v e ra l  Initial 
s e a r c h  v e lo c it ie s . T h e  loop  p a r a m e te r s  c h o s e n  w ere : wn 
■ 1 ra d  s " * .  c  *  0 . 7  g  »  e .  F ig u re  6 sh o w s  th e  
th e o re t ic a l  t r a je c to r ie s  o f th e  (2  -  3 ) a  loo p . In th e s e  
a n a ly s e s  th e  s lo p e  of th e  d is c r im in a to r  c h a ra c te ls t ic  D(«> 
w as  n o rm a lis e d  to  1 , a s  p o in te d  o u t by N ie lse n  ( 9 ) ,  to  
e n s u r e  Id en tica l In - lo c k  p e r fo rm a n c e . E a c h  tra je c to ry  
sh o w s th a t th e r e  Is a  m axim um  s e a r c h  v e lo c ity , ÿmax- 
A bove th i s .  It Is n o t p o s s ib le  to  a c h ie v e  lock . It Is c l e a r  
from  th e s e  t r a je c to r ie s  th a t g e n e ra lly  th e  Initial s e a r c h  
velocity  la Im proved  fo r th e  w id er a  lo o p s . W e h av e  
found  from  th is  s tu d y  th a t ÿrnax I* r e la te d  to  th e  w idth of 
th e  d is c r im in a to r  c h a ra c te r is t ic  by th e  e x p re s s io n
fo r  c •  0 .7 , G -  *
A s im p le  e x p la n a tio n  of th e s e  re s u l ts  c a n  b e  g iv e n , a s  
fo llow s. T h e  c o d e s  Initially s lid e  p a s t  e a c h  o th e r  a t  a  
c o n s ta n t  r a te .  As th e y  c o m e  Into s y n c h ro n iz a tio n  th e  
s lo p e  of th e  d is c r im in a to r  c h a ra c te r is t ic  Is p o s itiv e  a n d  th e  
s e a r c h  ra te  a c c e le r a te s .  W hen th e  d e lay  e r ro r  Is - n a  th e  
s lo p e  o f th e  c h a ra c te r is t ic  c h a n g e s  a n d  th e  s e a r c h  ra te  
d e c e le r a te s .  Lock Is a c h ie v e d  If th e  s e a r c h  r a te  c a n  b e  
re d u c e d  to  z e ro  w ith m in im um  p h a s e  e r ro r .  T h e  Initial 
s e a r c h  ra te  c a n  b e  m a d e  h ig h e r  If th e  p e r io d  fo r  w hich  
th e  loop  d e c e le r a te s  (In  b its)  c a n  b e  In c re a s e d  re la tiv e  to  
th e  p e r io d  of a c c e le r a t io n ,  it Is c le a r  th a t b o th  th e  4 a  a n d  
2 a - 3 a  lo o p s  h av e  lo n g e r  p e r io d s  of d e c e le ra t io n  re la tiv e  to  
th e  p e r io d  of a c c e le r a t io n  th a n  for th e  l a  a n d  2 a  lo o p s  
In th e  c a s e  of th e  ( 3 - 2 ) a  lo o p , a lth o u g h  th e  p e r io d  of 
d e c e le ra t io n  Is th e  s a m e  a s  th e  ( 2 - 3 )  a  loop  th e  Initial 
a c c e le r a t io n  Is tw ice  a s  fa s t .  F u r th e r  s ig n if ic a n t 
Im p ro v e m en ts  in ac q u is itio n  s p e e d  a r e  p o s s ib le  If th e  
Initial a c c e le r a t io n  c a n  b e  r e d u c e d  o r e lim in a te d .
SWITCHED DLL FOR IMPROVED SEARCH RATE
F ig u re  7 a n d  8 sh o w  s c h e m a tic  d ia g ra m s  of sw itch e d  2 a  
a n d  4 a  lo o p s  a p p lie d  to  ra n g in g  r e c e iv e r s .  T he 4 a  
Im p le m e n ta tio n , sh o w n  In f ig u re  8 , Is on ly  o n e  of s e v e ra l 
p o s s ib le  Im p le m e n ta tio n s  ( 7 ) .  T he b a s is  o f th e  
m od ifica tio n  Is to  c o n tro l th e  s h a p e  of th e  d is c r im in a to r  
c h a r a c te r is t ic s ,  from  th a t of th e  s ta n d a rd  d is c r im in a to r  
c h a ra c te r is t ic  of f ig u re  1 to  th a t o f f ig u re  2 , sh o w n  d raw n  
fo r th e  l a .  2 a  a n d  4 a  lo o p s  re sp e c tiv e ly . T he  e x a c t 
p o s itio n  a t  w hich  th e  c h a ra c te r is t ic s  a r e  c h a n g e d  is 
d e te rm in e d  from  th e  o u tp u t of th e  loop  filte r a n d  th e  v a lu e  
of Vr«(. In g e n e ra l  th e  loop  Is firs t sw itch e d  to  p ro d u c e  
th e  d is c r im in a to r  c h a ra c te r is t ic  of f ig u re  2 d u r in g  th e
Initial a c q u is itio n  o r  s e a rc h in g  p h a s e .  As th e  loops co m e 
in to  sy n ch ro n iz a tio n  th e  s lo p e  of th e  c h a ra c te r is tic  Is
n e g a tiv e  a n d  th e  s e a r c h  ra te  d e c e le r a te s  ra th e r than  
a c c e le r a te s .  W hen th e  d e lay  e r ro r  Is a t  Its peak  nega tive  
v a lu e  th e  lo o p  Is sw itch e d  a n d  th e  d iscrim ina to r 
c h a ra c te r is t ic  re v e r ts  to  th a t of f ig u re  1. The s lo p e  of 
th e  c h a ra c te r is t ic  re m a in s  n e g a tiv e . T he  s te p  c h a n g e  In 
c o r re la to r  o u tp u t, Im plied  by th e  c h a n g e  In the
c h a ra c te r is t ic ,  d o e s  n o t re s u l t  In a  s te p  c h a n g e  In de lay  
e r ro r  b e c a u s e  of th e  lo w p ass  c h a ra c te r is t ic s  of th e  loop 
filter H ( s ) .  H ow ever, th e r e  ]s  a  red u c tio n  m  th e  
d e c e le ra tio n  of th e  s e a r c h  ra te  Im m ed ia te ly  after sw itching  
th e  c h a ra c te r is t ic s  w hen  th e  d y n am ics  of pu ll-ln  tak e  over 
from  th e  Initial s e a r c h  p ro c e d u re  It is found th a t both
loop  g a in  a n d  d am p in g  fa c to r , ( ,  h av e  a n  e ffec t on  the
a c tu a l a c q u is itio n  tra jec to ry .
T he c o n tro l of th e  d is c r im in a to r  c h a ra c te r is t ic s  m ay be  
d e s c r ib e d  m o re  ea s ily  fo r th e  2 o  loop  th a n  th e  4& loop , 
a lth o u g h  th e  b a s ic  p rin c ip le  Is Id en tica l. In th e  c irc u it of 
f ig u re  7 e i th e r  Sj+i o r  S |V i m ay b e  fed  to th e  a p p ro p ria te  
a rm  of th e  DLL u n d e r  th e  co n tro l of th e  c o m p a ra to r . This 
c o n tro ls  th e  s ta te  of a  la tch in g  c h a n g e -o v e r  sw itch , a n d  
ultim ately  th e  v o ltag e  fed  to  th e  m ultip lier in se rted  In th e  
a rm  of th e  DLL. F o r th e  c a s e  of b ina ry  s e q u e n c e s  the 
la tch in g  c h a n g e - o v e r  sw itch  a n d  m ultip lier m ay be 
r e p la c e d  by a n  ex c lu siv e  OR g a te  a n d  an  R -S  la tch . 
Inverting  th e  s e q u e n c e  S|*. j re s u lts  In th e  d isc rim in a tio n  
c h a ra c te r is t ic  of figu re  2 b  T he la tc h  Is n e c e s s a ry  to 
e n s u r e  th a t th e  s e q u e n c e  c a n n o t  c h a n g e  polarity  a fte r 
tr ig g e r in g , e v e n  th o u g h  th e  c o m p a ra to r  c h a n g a s  s ta te  
w hen  th e  e r ro r  v o ltag e  fa lls  a s  th e  loop  finally b e c o m e s  
p h a s e  s y n c h ro n is e d . T he c h a n g e - o v e r  Is c o n tro lle d  
a u to m a tica lly , d e p e n d in g  upon  th e  level of th e  vo ltage  
Vref- F u r th e r , an  "out of lo c k ’ d e te c to r ,  no t sh o w n , 
au to m a tica lly  r e s e t s  th e  la tch  to  e n s u r e  th a t S |+ i is fed  to 
th e  DLL d u rin g  th e  s u b s e q u e n t  s e a r c h .  The im p lem en t 
a t lo n s  show n  In fig u re s  7 a n d  8 re p r e s e n t  only o n e  
m e th o d  of a c h iev in g  a  sw itch e d  d isc r im in a to r  
c h a ra c te r is t ic .
U sing  th e  an a ly s is  te c h n iq u e  d e s c r ib e d  e a r l ie r  th e  
th e o re tic a l ac q u is itio n  tra je c to r ie s  of th e  sw itched  2 a  an d  
4A lo o p s  w e re  c a lc u la te d ,  a n d  th e  re s u lts  a re  show n  in 
f ig u re  9 a n d  10. T h e se  a r e  c o m p a re d  with th e  
u n sw itch e d  loop  tr a je c to r ie s . T he loop  p a ra m e te r s  a r e  
Id en tica l fo r e a c h  loop It is c le a r  from  th e  fo re g o in g  
th a t th e  a b s o lu te  m axim um  s e a r c h  velocity  of th e  sw itch e d  
loop  is d e p e n d e n t  upon  th e  ex a c t p o in t a t which th e  
c h a ra c te r is t ic s  a r e  a t th e ir  m axim um  n eg a tiv e  value . T he 
re s u lts  of f ig u re s  9  a n d  10 a r e  ta k en  for th is  op tim um  
sw itch  p o s itio n  fo r loop  p a r a m e te r s  un  ■ 1 rad  s~ ^ . Q -  
« .  (  » 0 7. M odifying th e s e  p a r a m e te r s  a lso  m o d ifies  
th e  m axim um  Initial s e a r c h  velocity . T he th e o re tic a l 
r e s u lts  for th e  sw itch e d  loop  show  th e  Initial re d u c tio n  in 
s e a r c h  r a te  a s  th e  s e q u e n c e s  c o m e  Into sy n ch ro n iz a tio n . 
At th e  p o in t of sw itch  o v er th e  d e c e le ra tio n  Is r e d u c e d  
a n d  th e  c h a ra c te r is t ic s  of th e  sw itch e d  a n d  u n sw itch e d  
lo o p s  a r e  Id en tica l In th e  r ig h t h a n d  half of th e  
p h a s e - p l a n e  p lo t for th e  c a s e  of th e ir  r e s p e c t iv e  m axim um  
s e a r c h  v e lo c itie s . This id e n tic a l b e h a v io u r  In th e  r ig h t 
h a n d  of th e  p la n e  Is to b e  e x p e c te d  a n d  a lso  In d ic a te s  
th a t th e  s e a r c h  ra te  of th e  sw itch e d  loop Is a t  th e  
o p tim u m , fo r th e  c o n d itio n s  s ta te d .  If th e  sw itch  o v e r 
po sitio n  Is d e la y e d  o r  a d v a n c e d  from  th e  op tim u m  p o s itio n  
th e  m axim um  s e a r c h  ra te  Is r e d u c e d .  This Is show n In 
fig u re  11. T he po sitio n  re q u ire d  to  g ive th e  m axim um  
s e a r c h  r a te  fo r th e  2 a  loop  la -1  b it. a n d  - 2  bit fo r th e  
4 a  loop
PERFORMANCE OF EXPERIMENTAL 2A AND 4A DLL#
E xpe rim en ta l 2A a n d  4a  lo o p s  w e re  c o n s tru c te d  to e n a b le  
c o m p a r is o n  o f th e  e x p e rim e n ta l tr a je c to r ie s  with th e  
th e o re tic a l t r a je c to r ie s .  T h e  loop  p a ra m e te r s  w e re  
Id en tica l to  th o s e  u s e d  In th e  th e o re tic a l m o d e l, with th e  
e x c ep tio n  of th e  g a in  Q . a n d  e a c h  co u ld  b e  u s e d  In 
co n v e n tio n a l o r  sw itch e d  m o d e . T he  p s e u d o -n o is e  c o d e  
w as  a  1023 bit m axim al s e q u e n c e  c lo c k e d  a t  a  n om inal 1 
M bit s~ ^ . F ig u re s  9  a n d  10 c o m p a re  th e  ex p e rim en ta l 
t r a je c to r ie s  with th e  th e o re tic a l tr a je c to r ie s .  It Is c le a r  
th a t th e  u n sw itch e d  2a  a n d  4 a lo o p s  g ive  a  p e r fo rm a n c e
-  387 -
177
v#ry  c lo t*  to  th a t o b t* rv * d  th e o re tic a lly  In th e  c a t e  of 
th e  tw itc h e d  loop  th e r e  I t  m o re  e r r o r  In th e  left half of 
th e  tra je c to ry  a n d  th e  m axim um  Initial t e a r c h  velocity  I t  
low er th a n  p re d ic te d  th e o re tic a lly , bu t tt lll  c o n t ld e ra b ly  
f a t t e r  th a n  for th e  u n tw ltc h e d  lo o p . B oth lo o p t  th o w  a
tm a ll  d e g r e e  of a c c e le r a t io n  Im m ed ia te ly  a f te r  tw itc h
o v e r , but th e ir  t r a je c to r le t  In th e  r ig h t half of th e  p la n e
a r e  a lm o tt Id e n tic a l to  th e  u n tw ltc h e d  a n d  th e o re tic a l 
r e t u l t t .  W e h a v e  e x a m in e d  p o t t lb le  c a u t e t  of th i t  
a c c e le r a t io n  th e o re tic a lly  a n d  w e b e lie v e  th a t te v e r a l  
fac to r*  c o n tp i r e  to  g ive  th e  r e d u c e d  p e r fo rm a n c e .  T h e  
th r e e  m a jo r f a c to r s  a r e :
I) Im -  p e r fe c t  c o r re la t io n  c h a r a c t e r l t t l c t .  T h e
c h a r a c te r l t t l c t  g iven  In f ig u re *  1 a n d  2  a t t u m e  a  very  
alow  a l lp - r a te .  In p r a c t ic e  th e  a l lp - r a te  b e tw e e n  the^
t e q u e n c e t  m ay  b e  q u ite  h ig h . T h It c a u t e t  ro u n d in g  of 
th e d ltc r lm ln a to r  c h a r a c t e r l t t l c t  O rm o n d ro y d  a n d  C om ley
(1 1 )  have  th o w n  th a t  If th e  t l lp  r a te  I t  In e x e a t s  of 1 .4  
b i t / s e q u e n c e  th e  c o r re la t io n  p e r fo rm a n c e  b e tw e e n  s lid ing  
c o d e s  Is s ig n ifican tly  w o rs e n e d  w ith th e  In jec tion  of 
s p u r io u s  c o r r e la t io n s .  C le a rly  In th e s e  h igh  ac q u is itio n  
s p e e d  lo o p t  d e c o rr e la t io n  e f fe c ts  b e c o m e  m o re  
Im p o rtan t.
II) P ro p a g a tio n  d e la y  a ro u n d  th e  lo o p  It c a n  b e  th o w n  
th e o re tic a lly  th a t  a  d e la y  o f 0 . 7  bit b e fo re  tw itc h  o v er 
o c c u rs  g iv e s  a c q u is it io n  t r a je c to r ie s  a lm o s t Id en tica l to  th e  
e x p e rim e n ta l r e s u l t s .  C a u s e s  of th is  d e la y  In c lu d e  th e  
filte r d e la y . VCO r e s p o n s e  t im e , d e la y  In sw itch in g  over 
th e  d is c r im in a to r  c h a r a c te r is t ic s  a n d  th e  tim e  ta k e n  to  
e s ta b lis h  th e  new  c o r re la t io n  level.
III) Loop p a r a m e te r s .  it c a n  a ls o  b e  show n  th a t 
re d u c tio n  of th e  lo o p  g a in  a n d  m od ifica tio n  of th a  
dam p in g  fa c to r  a ls o  a f fe c ts  ac q u is itio n  t r a je c to r ie s  s o  th a t 
th ey  give a c c e le r a t io n  Im m ed ia te ly  a f te r  sw itch  o v e r , a n d  
c h a ra c te r is t ic s  s im ila r  to  th e  e x p e rim e n ta l c u rv e s . 
M odification  of th e  lo o p  p a r a m e te r s  from  th o s e  re q u ire d  
fo r op tim um  tra c k in g  p e r fo rm a n c e  Is In fa c t  y e t a n o th e r  
m e a n s  of Im prov ing  th e  m axim um  Initial s e a r c h  velocity . 
In su c h  c i r c u m s ta n c e s  ac q u is itio n  of lock c a u s e s  th e  loop  
p a r a m e te r s  to  be  c h a n g e d  b a c k  to  th e  op tim um  (or g o o d  
In -lo c k  p e r fo rm a n c e . T h is a s p e c t  of th e  loop  Is cu rre n tly  
u n d e r  In v es tig a tio n .
2 C bits
CONCLUSIONS
A lthough  th e  e x p e rim e n ta l re s u l ts  s u g g e s t  th a t th e  
m ax im um  s e a r c h  ra te  o b ta in a b le  Is le s s  th a n  a c h ie v a b le  
th e o re tic a lly  from  th e  Ideal 2 n d  o rd e r  d e la y  lock  loo p , 
n e v e r th e le s s  th e  very  s im p le  e x p e d ie n t of sw itch in g  th e  
loop  c a u s e s  s ig n if ic a n t Im p ro v e m en ts  In th e  Initial s e a r c h  
velo c ity . w ithout w o rse n in g  th e  In - lo c k  tra c k in g  
p e r fo rm a n c e  in an y  w ay. It h a s  b e e n  fo u n d  th a t th e r e  Is 
a n  80%  Im p ro v e m en t In th e  s e a r c h  r a te  of th e  2 a  loop 
a n d  a 65%  Im p ro v e m en t In th e  s e a r c h  r a te  of th e  4 a  
lo o p . F u r th e r , th e  sw itch e d  4 a  lo o p  Is o ver th r e e  t im e s  
f a s te r  th e n  th e  u n sw itch e d  loop . W e a r e  c o n f id e n t th a t 
m o d ifica tio n  of th e  loop  p a r a m e te r s  will r e s u lt  In fu rth e r 
Im p ro v e m e n ts  In m axim um  s e a r c h  ra te .
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Figure 1 Normalised discriminator characteristics of 1,2and LA DLL implementations
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Figure 9 Comparison of the acquisition trajectories
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SUMMARY
T h e  delay  lock loop  Is u se d  freq u en tly  to  a c q u ire  an d  
m a in ta in  p h a s e  sy n c h ro n isa tio n  b e tw e en  th e  Incom ing  
a n d  locally  g e n e ra te d  pn s e q u e n c e s  In d i r e c t - s e q u e n c e  
s p r e a d - s p e c t ru m  s y s te m s  E x trem e a c c u r a c y  is
p re v e n te d  b e c a u s e  a rm  g a ln - lm b a la n c e  a n d  rec tif ic a tio n  
of th e  input n o ise  s ig n a ls  by th e  m ixers a n d  am p lifie rs  
w ithin th e  loop re s u lt in p h a s e  o ffse ts  b e tw e en  th e  pn 
s e q u e n c e s  T he p a p e r  p ro p o s e s  a  novel v a rian t of th e  
d e lay  lock loop w hich rem o v es  th e  p ro b le m  of a rm  
g a in - im b a la n c e .  drift a n d  n o ise  g e n e ra te d  o f fse ts  in 
p h a s e  E xperim en ta l re s u lts  a re  p re s e n te d  w hich  show  
th a t th e  loop c a n  o p e ra te  in input S N R 's w o rse  th a n  -3 0  
dB yet have  a m e a n  p h a s e  e r ro r  of only 0 .0 1  bit
INTRODUCTION
P s e u d o -n o is e  m odu la tion  te c h n iq u e s  a r e  finding  
In c re a s e d  u se  in ta c tic a l rad io  s y s te m s , n av ig a tio n  a n d  
a e ro s p a c e  co m m u n ic a tio n  s y s te m s  b e c a u s e  they  offer low 
s p e c t ra l  e n e rg y  d e n s it ie s  In th e  tra n sm itte d  s ig n a l a n d  
b e c a u s e  c ' th e  In h e ren t a d d re s s  p re s e n t  In e a c h  c o d e  
w hen  u sed  in m u lti-u s e r  s y s te m s . T he feas ib ility  of 
s u c h  te c h n iq u e s , how ever, is d e p e n d e n t upo n  th e  ability  
of th e  re c e iv e r  to  rem o v e  th e  w an ted  s ig n a l from  la rg e  
le v e ls  of b ac k g ro u n d  n o is e , e i th e r  by c o r re la tio n  o r 
convo lu tion  te c h n iq u e s . In th e  fo rm e r. a c c u r a te  
sy n c h ro n isa tio n  Is re q u ire d  b e tw e en  th e  in co m in g  
s e q u e n c e  an d  a  locally  g e n e ra te d  rep lic a  s e q u e n c e  to 
m ax im ise  th e  c o rre la tio n  b e tw e en  th e  two c o d e s ,  a n d  in 
th e  la tte r  c a s e  th e  c lock  fre q u e n c y  m ust b e  p r e c i s e  an d  
th e  filter m a tc h e d  to  th e  s e q u e n c e  T he d e lay  lock loop 
(DLL) (1 ) Is com m only  u sed  to  a c q u ire  Initial p h a s e  
sy n ch ro n isa tio n  In co rre la tio n  r e c e iv e r s , a n d  to  tra c k  th e  
p h a s e  of th e  Incom ing  s e q u e n c e  u n d e r  c o n d itio n s  of 
D oppler shift a n d  fre q u e n c y  drift.
A typical DLL Is show n In figu re  1. an d  Is of th e  2 a  
type . T he Incom ing  pn s e q u e n c e  Is s e p a ra te ly  
c o r re la te d  with ea rly  an d  la te  re p l ic a s  of th e  s e q u e n c e  
g e n e ra te d  by th e  VCD For m axim al s e q u e n c e s  e a c h  
c o rre la tio n  p ro d u c e s  a  tr ia n g u la r  c o r re la tio n  fu n c tio n , 
o n e  delayed  by 26 re la tive  to  th e  o th e r  w h e re  6  Is th e  
ch ip  width of th e  s e q u e n c e  T he filte red  o u tp u t of th e  
d iffe re n c e  am plifier linking bo th  a rm s  of th e  loop  
p ro d u c e s  an  N s h a p e d  d isc r im in a to r  c h a ra c te r is t ic ,  o r 
e r ro r  cu rv e , a s  show n In fig u re  2. P h a s e  e r ro r  b e tw e en  
th e  s e q u e n c e s  re s u lts  In an  e r ro r  v o ltag e  b e in g  
g e n e ra te d  w hich c o n tro ls  th e  f re q u e n c y  of th e  VCO in a  
fe e d b a c k  co n fig u ra tio n . It Is c le a r  from  th e
d isc rim in a to r c h a ra c te r is t ic  th a t th e  f e e d b a c k  Is only 
n eg a tiv e  for de lay  e r ro r s  In th e  r a n g e  *6 ( to r  th e  c a s e  
of th e  26 lo o p ) . B etw een  |6 |  a n d  1261 th e  fe e d b a c k  Is 
positive , a n d  b eyond  ± 26  no de lay  e r ro r  In fo rm ation  Is 
av a ilab le  until th e  c o d e s  next c o m e  Into s y n c h ro n is a t io n . 
In th is  c a s e  th e  VCO Id les. It Is p o s s ib le  to  b ro a d e n  th e  
r a n g e  of delay  e r ro r  w hich g ives a n  e r ro r  v o ltag e  o u tpu t 
by us ing  ex tra  ea rly  a n d  la te  c o r re la to r s  to  b ro a d e n  th e  
d isc r im in a to r  c h a ra c te r is t ic s  ( 2 - 4 ) .  T h e se  *w lde-6*
lo o p s  allow a  h ig h e r  Initial s e a r c h  velocity , a n d  a  
g r e a te r  track ing  r a n g e , but a t th e  e x p e n se  of I n c re a s e d  
h a rd w are  com plexity  a n d ' c o s t.  T he d y n a m ic s  of 
ac q u is itio n  a n d  tra ck in g  a r e  co n tro lle d  by th e  s h a p e  of 
th e  d isc rim in a to r c h a ra c te r is t ic s ,  th e  loop g a in  a n d  th e  
loop filter c h a ra c te r is tic
As th e re  Is no  de lay  e r ro r  In fo rm ation  su p p lie d  to  th e  
loop for delay  e r r o r s  > ±26 It Is n e c e s s a ry  for th e  VCO to 
Idle at a  slightly  d iffe ren t fre q u e n c y  to  th e  c lo ck
fre q u e n c y  of th e  Incom ing  s e q u e n c e  s o  th a t every  e p o c h  
of th e  s e q u e n c e  m ay b e  s e a r c h e d  se ria lly  T he m axim um  
offse t In f re q u e n c y  g ives  .th e  e p o c h  s e a r c h  ra te , a n d  th is  
Is d e te rm in e d  by th e  loop  d y n am ics  a n d  th e  level of 
n o is e  a t th e  Input to  th e  DLL
T he  o ffse t In f re q u e n c y  of th e  VCO g ives r is e  to 
" lo o p -s tr e s s "  ( 5 ) .  T he re su lt of th is  Is th a t w hen  th e  
two s e q u e n c e s  a r e  finally  in f re q u e n c y  lock  a n  e r ro r  
v o ltag e  Is g e n e ra te d  to  c o m p e n s a te  for th e  o ffse t 
f re q u e n c y  of th e  VCO. B e c a u s e  of th e  fin ite  loop g a in  
th e  e r ro r  v o ltag e  g ives  r is e  to  a s te a d y - s ta te  in - lo c k  
p h a s e  e r ro r  b e tw e e n  th e  two s e q u e n c e s  T h is p ro b le m  
Is c o m p o u n d e d  by two o th e r  m ajor p ro b le m s  w hich  
fu r th e r  limit th e  a c c u ra c y  of p h a s e  sy n c h ro n is a t io n . T he 
firs t of th e s e  Is a rm  g a ln - lm b a la n c e .  This o c c u rs  
b e c a u s e  It Is difficult to  m a tch  th e  g a in s  of th e  m ixers , 
b a n d p a s s  f il te rs  a n d  am p lifie rs  In e a c h  a rm  of th e  
p ra c t ic a l d e lay  lock  loop  c o r re la to r  This m e a n s  th a t 
th e r e  Is a  s lig h t c h a n g e  of s lo p e  in th e  d isc r im in a to r  
c h a ra c te r is t ic s  a b o u t c -  0. If n o ise  Is p r e s e n t  at th e  
Input to  th e  loop  th is  re s u lts  In p h a s e  Jitter w hich  is 
e ffec tive ly  re c t if ie d ' by th e  n o n - lin e a r ity  in th e  
d is c r im in a to r  c h a ra c te r is t ic  to  g ive a  m e a n  p h a s e  o ffse t 
T h is  e ffec t Is d e p e n d e n t  upon  th e  inpu t n o is e  level, a n d  
m ay  c o u n te r a c t ,  o r  re in fo rc e , th e  p h a s e  offse t d u e  to 
lo o p  s tr e s s .
T h e  s e c o n d  p ro b le m  o c c u rs  a s  a  re su lt of lim ited  
d y n am ic  ra n g e  of th e  c o m p o n e n ts  in a  s p r e a d - s p e c t ru m  
sy s te m , a n d  n o n - lln e a r lty  a n d  g a ln - c o m p re s s io n  In th e  
DLL m ixers In p a r t ic u la r . T he s ig n a l a t  th e  Input to  th e  
DLL Is c o r ru p te d  by b ro a d -b a n d  n o ise  w hich  m ay be  
3 0 -4 0  dB m o re  th a n  th e  s ig n a l T he s ig n a l Is re c o v e re d  
on ly  a fte r  th e  DLL m ixers In e a c h  a rm . a n d  th e  n o ise  Is 
rem o v ed  by th e  loop  filte r, w hich will h av e  a cu t off 
f re q u e n c y  m u c h  low er th a n  th e  c o d e  c lock  f req u en c y  
N o n - lln e a r lt le s  In th e s e  c o m p o n e n ts  rec tify  th e  la rg e  
n o is e  level to  p ro d u c e  a  dc  o ffse t v o ltag e  w hich  
p ro d u c e s  a  fu r th e r  p h a s e  e r ro r .
Two c o n s e q u e n c e s  of th e s e  p h a s e  e r ro r s  a r e :  (I) th e re  
Is lo s s  of th e  w an ted  d e s p re a d  s ig n a l In th e  d a ta  
c o r re la to r  s e c t io n  of th e  re c e iv e r  b e c a u s e  of 
d e c o rre la t io n  a n d  (II) lo s s  of lock o c c u rs  a t m uch  low er 
Inpu t SNRs th a n  p re d ic te d  by s im p le  l in e a r  th eo ry  (6 )
In th is  p a p e r  w e c o n s id e r  two a s p e c t s  of th e  d e lay  lock 
loop . T he m ain  a im  of th is  p a p e r  Is to  p re s e n t  a  novel 
v a rian t of th e  d e lay  lock  loop  In w hich p h a s e  o ffse t d u e  
10 a rm  g a ln - lm b a la n c e .  rec tif ic a tio n  of th e  input n o is e , 
loop  s t r e s s  a n d  VCO drift Is rem o v ed  to  a  very la rg e  
ex ten t T he  e x p e c te d  Im p ro v e m en ts  In p e r fo rm a n c e  a r e  
su p p o r te d  by e x p e rim e n t. T he re s u lts  a r e  p re s e n te d  for 
th e  c a s e  of a  s p r e a d - s p e c t r u m  ra n g in g  r e c e iv e r . In 
w hich  th e  pn  s e q u e n c e  Is no t d a ta -m o d u la te d . 
H ow ever, th e  te c h n iq u e  m ay b e  ap p lied  to  th e  c a s e  of a 
s e q u e n c e  In vers ion  keyed  d a ta  m o d u la te d  
d i r e c t - s e q u e n c e  sy s te m  for a  sm all In c r e a s e  In h a rd w a re  
com plex ity .
T h e s e  m o d ifica tio n s  allow  th e  loop  to  b e  u s e d  In m o re  
a d v e rs e  Input SNR co n d itio n s  th a n  o th e rw ise  p o s s ib le  
H ow ever. In th e  f irs t s e c t io n  of th e  p a p e r  we p re s e n t  
e x p e rim e n ta l d a ta  c o m p a rin g  th e  ac q u is itio n  p e r fo rm a n c e  
of DLLs u n d e r  no isy  co n d itio n s  u s in g  a n a lo g u e  m u ltip lie rs  
a n d  AGO. with DLLs u s in g  h a rd  lim ite rs  a n d  EXOR 
m u ltip lie rs  To th e  a u th o r s ' know led g e  th is  d a ta  h a s  not 
b e e n  p r e s e n te d  b e fo re , yet It Is Im p o rtan t s in c e  th e  
ac q u is itio n  of lock  Is n o n - l in e a r  a n d  h a s  no t b e e n  so lved  
fo r th e  c a s e  with n o ise
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EFFECT OF INPUT SIGNAL TO NOISE RATIO ON THE 
INITIAL SEARCH RATE
T he  In - lo c k  p e r fo rm a n c e  of a n a lo g u e  d e lay  lock  lo o p s  
( I . e .  u s in g  a n a lo g u e  m ixers) with AGC a n d  d ig ital d e lay  
lock  lo o p s  u s in g  h a rd  lim iter a n d  EXOR m u ltip lie rs  Is well 
d o c u m e n te d  ( 8 ) .  A naly sis  Is s tra ig h tfo rw ard  b e c a u s e  
th e  loop  c a n  o ften  b e  c o n s id e r e d  lin e a r . H ow ever, th e  
Initial a c q u is itio n  p e r fo rm a n c e  In n o is e  h a s  n o t b e e n  
c o n s id e r e d  In d e ta il . In th is  s e c t io n  w e p r e s e n t  
e x p e rim e n ta l d a ta  show ing  th e  e ffe c t of th e  Inpu t SNR on  
th e  m axim um  Initial s e a r c h  velocity  of a  DLL 
c o m m e n s u ra te  with a lm o s t 100%  p robab ility  of lock . In 
th e  e x p e rim en t two Id en tica l b a s e b a n d  DLLs w e re  
c o n s tru c te d  u s in g  m axim al a ie q u e n c e s  of le n g th  1023 b it. 
c lo c k e d  a t a  n om ina l 1 MHz. T h e  n a tu ra l f re q u e n c y  of 
e a c h  loop  w as s e t  to  a  n o rm a lis e d  v a lu e  wp » 1 ra d  s~ ^  
a n d  th e  d am p in g  ra tio  w a s  c h o s e n  a s  c -  0 . 707 . O n e  
of th e  lo o p s  u s e d  h igh  q uality  w id eb a n d  a n a lo g u e  
m u ltll le rs . to g e th e r  with Id ea l a g e .  w h ilst th e  o th e r  u s e d  
a  h a rd  lim iter a n d  EXOR m u ltip lie rs . A lthough  th e  loop  
g a in s  of th e  two lo o p s  w e re  d iffe re n t N ie lse n  ( 7) a n d  
S p llk e r (0 )  h av e  show n th a t loop  g a in  h a s  n eg lig ib le  
e ffe c t on  ac q u is itio n  t r a |e c to r te s  of DLLs u n d e r  n o is e le s s  
co n d itio n s  w hen  th e  loop  g a in . G »  10. w h ich  Is th e  
c a s e  for b o th  lo o p s .
F ig u re  3 c o m p a re s  th e  e ffe c t of Inpu t SNR on th e  
m axim um  Initial s e a r c h  r a te  of th e  tw o lo o p s  w hich  c a n  
l>e to le ra te d  to  g ive a lm o s t 100%  lock  p robab ility . T he 
key fe a tu re s  of th e  two c u rv e s  a r e :  (I) th e  s h a p e  of
bo th  c u rv e s  Is s im ila r . sh o w in g  a n  ap p ro x im a te  
e x p o n e n tia l d e c r e a s e  In m ax im um  Initial s e a r c h  ra te  with 
Inpu t SNR (dB ) fo r SNR < 0 dB : (II) th e  d ig ita l DLL c a n  
to le ra te  app rox im ate ly  2 dB w o rse  Input SNR to  m a in ta in  
th e  s a m e  Initial s e a r c h  velo c ity : (III) fo r SNR > 0 dB th e  
m axim um  Initial s e a r c h  v elocity  s a tu r a te s  to  th e  v a lu e  
p re d ic te d  fo r th e  n o is e le s s  c a s e  (8 )  It Is in te re s tin g  to  
n o te  th a t a  40 dB w o rse n in g  of Inpu t SNR from  + 1 0 d B  
re s u l ts  In a  re d u c tio n  of Initial s e a r c h  r a te  by ap p ro x  x
1 0 .
MODIFIED DELAY LOCK LOOP TO MINIMISE PHASE 
O FFSET ERRORS IN NOISY CONDITIONS
In th is  s e c t io n  w e p ro p o s e  a  v a r ia n t of th e  DLL w hich  
m in im ise s  p h a s e  o ffse ts . U n d e r  no isy  c o n d itio n s , th e  
e r r o r  s ig n a l fed to  th e  VCO v ia th e  loop  filte r c o n s is ts  of 
a  w an ted  e r ro r  s ig n a l , r e p r e s e n t in g  th e  g e n u in e  p h a s e  
e r r o r  d u e  to  D o pp ler sh ift a n d  loop  s t r e s s ,  a n d  a n  
un w an te d  c o m p o n e n t d u e  to  a rm  g a ln - lm b a la n c e  a n d  
n o is e  rec tif ic a tio n . It Is n e c e s s a r y  to  re m o v e  th e  la tte r  
w ithout m odifying th e  fo rm e r. F o rtu n a te ly  th e  two s ig n a ls  
a r e  effec tive ly  g e n e ra te d  a t  tw o d iffe re n t p a r ts  of th e  
loo p . T he  w an ted  p h a s e  e r ro r  In fo rm atio n , d u e  to  
f re q u e n c y  drift a n d  D o pp ler sh ift m ay  b e  lu m p ed  to g e th e r  
a n d  a s s o c ia te d  with th e  VCO. w hilst a rm  g a ln - lm t ta la n c e  
a n d  n o is e  rec tif ic a tio n  a r e  b o th  a s s o c ia te d  with th e  
m ix e rs , a rm  filte rs  a n d  th e  d if fe re n c e  am p lifie r . T h e  
p h y s ic a l s e p a ra t io n  of th e  tw o s ig n a l s o u r c e s  c a n  b e  
u s e d  to  a d v a n ta g e  w tten  p ro c e s s in g  th e  c o rru p te d  
s ig n a ls .
F ig u re  4 show s th e  b a s ic  te c h n iq u e  u s e d .  T he  
a m p litu d e  of bo th  th e  e a rly  ( S i - i )  a n d  la te  ( S k i ) 
lo ca lly  g e n e ra te d  r e f e r e n c e  c o d e s  a r e  r e v e r s e d  
p e rio d ica lly  a t  a  r a te  d e te rm in e d  by th e  c o d e  re p e tit io n  
r a te .  This c a u s e s  th e  d is c r im in a to r  c h a ra c te r is t ic s  to  b e  
sw itch e d  a lte rn a te ly  t>etween n o rm a l a n d  In v e rted , a s  
sh o w n  In figu re  2 . Any d c  p h a s e  e r r o r  s ig n a l 
r e p re s e n t in g  the  w an ted  p o rtio n  of th e  c o n tro l s ig n a l Is 
th u s  co n v e rte d  to  a  s q u a r e  w ave s ig n a l of a m p litu d e  
e q u a l to  th e  p h a s e  e r ro r  s ig n a l .  This s ig n a l c a n n o t  b e  
e p p ile d  d irec tly  to  th e  VCO b e c a u s e  th e  s e n s e  of th e  
fe e d b a c k  c h a n g e s  p e r io d ica lly  from  n e g a tiv e  to  positive  
a n d  th e  loop  would d ith e r . T h e  e r r o r  s ig n a l Is r e s to r e d  
b e c k  to  a  d c  level by re ln v e rtin g  Im m ed ia te ly  b e fo re  
e p p llc a tlo n  to  th e  VCO. T h is Is c a r r ie d  o u t In p h a s e  
sy n c h ro n is m  with th e  r e v e r s a l  of th e  d is c r im in a to r  
c h a ra c te r is t ic ,  a s  In a  c h o p p e r  am p lifie r . U nw an ted  d c  
o f fs e ts  th a t o c c u r  a t  an y  p o in t w ithin th e  lo o p  b e tw e e n  
th e  sw itc h e s  a r e  c o n v e rte d  In to  a  s q u a r e  w ave r ip p le
c o m p o n e n t  of z e ro  m e a n  w hich  m ay  b e  rem o v ed  by 
lo w p ass  filte ring . T he w an te d  s ig n a l Is n o t a ffe c te d ,
a n d  a n y  sm all sw itch ing  tr a n s ie n ts  a r e  rem o v ed  by th e  
s a m e  low p a s s  filter.
In v e rs io n  of th e  d is c r im in a to r  c h a ra c te r is t ic s  m ay b e  
a c h ie v e d  In two w ays; (I) p o la rity  In vers ion  of e a c h  local 
r e f e r e n c e  c o d e :  (II) In te rc h a n g in g  th e  e a r ly  a n d  la te  
r e f e r e n c e  c o d e s  to  e a c h  a rm  of th e  loo o . In o ra c t lc e  
po la rity  In v ers io n  Is e a s ily  Im p lem e n ted  u s in g  EXOR 
g a te s .  T h e  sw itch ing  s ig n a l Is g e n e ra te d  from  th e  ’all 
V s* d e te c to r  of th e  s e q u e n c e  g e n e ra to r  v ia  a  + 2 
c o u n te r .  H ow ever, am p litu d e  n o n - l ln e a r l t le s  w ithin th e  
a n a lo g u e  m u ltip lie rs  In e a c h  a rm  of th e  DLL c a u s e  
sw itch in g  r a te  o ffse ts  In v o ltag e  to  b e  g e n e ra te d  w hich 
a p p e a r  a s  valid  co n tro l s ig n a ls . T h e s e  s ig n a ls  a re  
p e rio d ic a lly  Inverted  by th e  sw itch  a f te r  th e  loop  filter, 
w h e re  th ey  c a u s e  th e  p h a s e  of th e  locally  g e n e ra te d  
c o d e  to  d ith e r . A lthough m uch  m o re  com p lex . 
I n te rc h a n g in g  th e  ea rly  a n d  l a '4 r e f e r e n c e  c o d e s  w as 
fo u n d  to  o v e rc o m e  th is  p rob le ri; to  a  la rg e  ex ten t a n d
w as  Im p lem e n ted  In th e  loop  p r e s e n te d  In th is  p a p e r
T h e  d is c r im in a to r  c h a ra c te r is t ic s  a r e  r e v e r s e d  e v e ry  c o d e  
re p e tit io n  p e r io d . T h is Is m u c h  h ig h e r  th a n  th e  loop
filte r c u t-o f f  f re q u e n c y  An obv io u s  p la c e  to  re ln v e r t th e  
e r r o r  s ig n a l to  th e  VCO Is b e fo re  th e  lo o p  f il te r , u s in g  
th e  filte r to  a v e ra g e  o u t th e  u n w an ted  s ig n a l c o m p o n e n t 
a n d  rem o v e  sw itch ing  tr a n s ie n ts  from  th e  w a n te d  s ig n a l. 
H ow ever a n  a c tiv e  loop  filter m ay  t>e a  s o u r c e  of th e  
drift a n d  p o o r  d y n am ic  r a n g e  p ro b le m s  re fe r re d  to  
e a r l ie r .  In th is  w ork w e c h o s e  to  re ln v e r t th e  e r ro r  
s ig n a l a f te r  th e  loop  filte r. N orm ally , th is  w ould  d is to rt 
th e  e r ro r  s ig n a l a f te r  re ln v e rs lo n . To p re v e n t th is  th e  
a c tiv e  lo o p  filte r Is a ls o  sw itch e d  a t  th e  s a m e  r a t e ,  a s  
sh o w n  In fig u re  5. This still p ro v id e s  n o is e  f ilte ring  bu t 
t r a n s la te d  to  th e  sw itch ing  fre q u e n c y . T h e  tr a n s ie n ts  
a s s o c ia te d  with sw itch ing  th e  filte r w e re  fo u n d  to  la s t  for 
on ly  5% o f th e  d u ra tio n  b e tw e e n  p h a s e  r e v e r s a l ,  a n d  
th e r e lo r e  h a d  a  n eg lig ib le  e ffe c t. H ow ever. It Is 
p ro b a b le  th a t th is  tr a n s ie n t  s e ts  th e  lim it o n  th e  u ltim a te  
p e r fo rm a n c e  a t ta in a b le  by th e  loo p . F ig u re  8 sh o w s  th e  
c irc u it  u s e d  to  re ln v e r t th e  e r ro r  s ig n a l a f te r  th e  loop  
f ilte r .
T h e  low p a s s  filter u s e d  to  rem o v e  th e  s q u a r e  w ave 
m o d u la tio n  c a u s e d  by u n w an te d  d c  o f fs e ts , a n d  
u n w an te d  sw itch ing  tr a n s ie n ts  w as  fo rm e d  by th e  
c a p a c i t a n c e  of th e  v a ra c to r .  co n tro llin g  th e  VCO 
f r e q u e n c y , a n d  th e  10 Mn s e r ie s  r e s i s ta n c e ,  sh o w n  In 
f ig u re  8 . F u r th e r  low p a s s  filte ring  w as  fo u n d  to  b e  
u n n e c e s s a ry .
PERFORMANCE OF THE SWITCHED DELAY LOCK LOOP
A d e la y  lo c k  loop  w as c o n s tru c te d  In w h ich  th e  loop  
c o n fig u ra tio n  co u ld  b e  sw itch e d  b e tw e en  a  s ta n d a r d  loop  
a n d  th e  m od ified  lo o p . In th is  w ay th e  Kx)p s t r e s s  a n d  
n o n - l ln e a r l t le s  In th e  m a jo r loop  c o m p o n e n ts  re m a in e d  
th e  s a m e  d u rin g  th e  te s t s .  T he  a c tiv e  lo o p  filte r  co u ld  
a ls o  b e  r e p la c e d  by a  p a s s iv e  loop  filte r , a d ju s te d  to 
g ive  th e  s a m e  n o is e  bandw id th .
RMS P h a s e  J i t te r
If Is Im p o rtan t th a t a n y  m o d ifica tion  to  th e  lo o p  s h o u ld  
n o t a ffec t th e  In -lo c k  litte r o e r fo rm a n c e  of th e  looo  
a d v e rs e ly  w hen  c o m p a re d  with a  s ta n d a rd  lo o p . T h is  Is 
p a rtic u la r ly  Im p o rtan t s in c e  th is  s e ts  th e  p ro b ab ility  of th e  
lo o p  lo s in g  lock . In th is  te s t  b ro a d b a n d  n o is e  w a s  u s e d  
to  c o r ru p t  th e  Inco m in g  s e q u e n c e  to  th e  lo o p . F ig u re  7 
c o m p a re s  th e  p h a s e  Jitter re su ltin g  from  th e  ad d itiv e  
n o is e  lo r (I) th e  s ta n d a rd  DLL. (II) m o d ified  DLL a n d
(III) s ta n d a rd  DLL with p a s s iv e  filte r. It Is s e e n  th a t 
sw itch ing  th e  lo o p  d o e s  no t c o n tr ib u te  to  a n y  ad d itio n a l 
J itter. It Is fu r th e r  s e e n  th a t th e  a c tiv e  f ilte r b e g in s  to  
c o n tr ib u te  to  a  w o rse  Jitter p e r fo rm a n c e  w h en  th e  Input 
SN R b e c o m e s  w o rse  th a n  - 2 0  dB . T h is  Is n o t s e e n  In 
th e  p a s s iv e  filte r , a n d  d o e s  no t b e c o m e  a p p a re n t  In th e  
sw itc h e d  lo o p  until th e  Input SNR Is - 3 0  dB .
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M ##n P h a» #  In N oH v C o n d itio n s
F ig u r*  8 th o w i  th#  #M *ct of fh#  Inpu t SNR o n  th #  m o o n
p h o to  o f f to t of th #  tw ttc h o d  lo o p , c o m p o ro d  with th #  
t t a n d a r d  loop  B oth lo o p s  u s #  a n  a c tiv a  flltor. Th# 
c u rv o s  a r#  p lo ttad  fo r s a v o ra l v a lu a s  of lo o p  s t r a t a ,  of. 
T his Is th #  off s a t  f ra q u a n c y  of th #  loca lly  g a n a ra ta d  c o d a  
ra la tlv a  to  th a  tra n sm ltta d  c o d a  f ra q u a n c y . In th is  la s t  
th a  c o d a  rap a tltlo n  fra q u a n c y  w as  3 185 MHz.
C o n s ld a r in g  th a  c a s a  of th a  s ta n d a rd  loop  with ac tiv a  
flltar show n  In fig u ra  8 a .  It Is s a a n  th a t loop  s t r a s s  h a s  
llttia a ffa c t In a d v a rs a  s ig n a l to  n o ls a  ra tio  c o n d itio n s . 
T ha  m a a n  p h a s a  o ffsa t In th is  c a s a  Is d u a  an tlra ly  to  
n o ls a  rac tlf lc a tlo n  a n d  a rm  g a in  lm t> alanca . It Is c l a a r  
from  th is  g ra p h  th a t a t  Inpu t S N R 's  w o rsa  th a n  - 2 5  dB
th a  m a a n  p h a s a  o ffsa t ta k a s  th a  v alu#  1 A In p ra c t ic a
th a  rm s  JIttar co m b ln a d  with th a  la rg a  p h a s a  o ffsa t c a u s a  
th a  loop  to  lo sa  lock  a t  a n  Inpu t SNR *  20  -  22  dB.
A lthough  n o t p lo ttad  th a  m a a n  p h a s a  o ffsa t fo r th a  c a s a  
of a  s ta n d a rd  d a lay  lock  loop  with low lo o p  g a in  a n d  
p a s s lv a  loop  flltar Is c o n s ld a ra b ly  w o rsa  w han  th a  loop  Is 
s t r a s s a d  by o ffsa tting  th a  lo c a l VCO fra q u a n c y  r a l a l i v a  to  
th a  tra n sm ltta d  c o d a  f ra q u a n c y .
T ha c a s a s  m ay  b a  c o n t r a s ta d  w ith th a t o b ta ln a d  fo r th e  
sw itch a d  lo o p , show n  In fig u ra  8 b . It s h o u ld  b a  n o te d
th a t th a  s c a l e s  a r e  e n la rg e d  a n d  lin e a r . F o r  th a  c a s e
of z e ro  loop  s t r e s s  It Is s a a n  th a t th a  sw itch a d  loop  
m a in ta in s  a  m a a n  p h a s a  o ffsa t to  b a t te r  th a n  * 0 .0 0 8  bit 
u n d e r  Inpu t SNR c o n d itio n s  a s  low a s  -  28  dB . fo r th a  
loop  ta s te d  At -  30  dB  th e  m a a n  p h a s a  o ffsa t h a s  
r is e n ,  b u t Is still on ly  0 .0 1  b it. In c re a s in g  loop  s t r a s s  
h a s  a n  a ffa c t upon  th a  m a a n  p h a s a  o ffsa t. b u t e v e n  s o .
th a  w o rst c a s e  p h a s a  o ffsa t Is s till w ithin th a  r a n g e  *
0 .0 3  b it a t  -  30 dB . It Is In ta ra s t ln g  to  n o te  th a t loop  
s t r e s s  b e c o m e s  m o re  Im p o rta n t a t  low Inpu t SNR
c o n d itio n s . In th a  p re v io u s  c a s e  th a  a f fe c t o f n o ls a  
rac tlf lc a tlo n  on  p h a s a  o ffsa t w as  s o  Im p o rtan t th a t th a  
a ffac t of loop  s t r e s s  w as  m in o r T h e  g ra p h  a ls o
h ig h lig h ts  th a  fairly ra n d o m  n a tu ra  of th a  p h a s a  o ffse t
with Input SNR. T h is m a y . In f a c t t>a d u a  to  slow  drift
within th a  c o m p o n e n ts , r a th e r  th a n  d u a  an tlra ly  to  n o ls a  
ra c t lf lc a tlo n .
CONCLUSIONS
T h is  p a p e r  h a s  p r e s e n te d  a  d a lay  lock  lo o p  v a r ia n t w hich  
is  s u c c e s s fu l  In o v e rco m in g  th a  a f fe c ts  of a rm  g a in  
Im b a la n c a  a n d  rec tif ic a tio n  of th a  Inpu t n o lsa  T he 
e x p é rim e n ta l d a la y  lock loop  sh o w e d  th a t m a a n  p h a s e  
o f fs e ts  a s  low a s  0 .0 1  b it co u ld  b a  a c h ie v e d  a t  -  30  dB 
fo r z e ro  lo o p  s t r a s s ,  a n d  ev e n  with loop  s t r a s s  th a  m a an  
p h a s a  e r r o r  w as  w ithin 0 .0 3  bit a t  -  30  d S . A s im ila r 
u n sw itc h e d  lo o p  w as  show n  to  h av e  a  m a a n  p h a s a  o ffse t 
o f a b o u t  1 b it a t  -  28  dB . T h a  loop  h a s  a ls o  b e a n  
fo u n d  to  b a  Im m une to  dallt> arataly  In je c ted  d c  o ffse t 
v o lta g e s  a n d  long  te rm  c o m p o n e n t drift.
T h is  ty p e  of loop  sh o u ld  now  e n a b le  th a  s u c c e s s fu l  
a c c u r a te  s y n c h ro n is a t io n  of s a q u a n c a s  In a  d ire c t 
s a q u a n c a  s p r e a d  s p e c t ru m  sy s te m  In Input SNR 
c o n d itio n s  w o rsa  th a n  -  30  dB
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Schematic of standard 2A baseband  
delay lock loop system
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Figure 2. Normalised ‘early’ and‘late’ correlations and discriminator chacteristics of 2  A DLL
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Figure 4. Switctied 2A  DLL variant for reduced mean phase offsets in noisy conditions
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Figure 8. The effect of Input noise level on mean ptiase offset for [a] standard, lb) switctied 2 A DLLs
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IG A n im p r o v e d  d e la y  lo ck  lo o p  fo r use  in  r a n g in g  a n d  d a ta  m o d u la te d  s p re a d - s p e c tru m  s y s te m s
An improved delay lock loop fo r use in 
ranging and data modulated  
spread-spectrum  systems
R.F. Orm ondroyd, B.Eng., Ph.D., C.Eng., M .I.E .E ., and L.A.A. A l-Rawas,
B.Sc., M .Phil.
Indexing terms Electrotiic circuits. Circuit theory and design
A bstract: Switching the phase o f the d iscrim inator characteristics of a delay lock loop (D LL) has previously 
been shown to im prove the m axim um  search rate possible when the DLL is used to  acquire initial synchro­
nisation between two m axim al length pseudonoise sequences. However, the theoretical analysis in this earlier 
work was found to be over optim istic when com pared with the experim ental results, because the analysis failed 
to  take into account the effects o f switching transients. The paper shows how the loop m ay be modified to 
remove switching transients, and  hence achieve results which are as good as the original predictions. The paper 
Shows the effect of the m axim um  initial search rate on the pull-in time of both standard  and switched DLLs, 
and it is teen tha t increasing the epoch search rate can  worsen the pull-in time of the loop near the maximum 
allow able value. The paper also shows how  the switched DLL may be applied, in a cost effective way, to  the 
case of a spread-spectrum  system with d a ta  m odulation  using a form of da ta  feedback which enables the DLL 
to acquire lock with no loss of perform ance.
1 Introduction
P s e u d o n o is e  (P N )  s p re a d - s p e c tru m  te c h n iq u e s  a r e  u sed  in  
a  w id e  v a r ie ty  o f  c o m m u n ic a t io n  sy s te m s , s u c h  a s  r a n g in g  
s y s te m s  a n d  m u ltip le  acce ss  c o m m u n ic a t io n s  s y s te m s  [ I ,  
2 ], In  d i r e c t  s e q u e n c e  s p re a d - s p e c tru m  s y s te m s  th e  d a t a  to  
be t r a n s m i t te d  is firs t m o d u lo -2  a d d e d  to  a  h ig h  s p e e d  P N  
s e q u e n c e  to  a c h ie v e  b a n d w id th  s p re a d in g  a n d  r e d u c t io n  o f  
th e  p e a k  v a lu e  o f  th e  p o w e r  s p e c tra l  d e n s i ty  o f  th e  d a ta  
s ig n a l. T h is  s p re a d  s ig n a l is th e n  m o d u la te d  o n  to  a n  R F  
c a r r ie r  in  th e  u s u a l w ay . H o w e v e r ,  to  r e c o v e r  th e  t r a n s m i t ­
te d  d a t a  it is n e ce s sa ry  to  d e s p r e a d  th e  s ig n a l in th e  re c e i­
ver. I f  a c t iv e  c o r re la t io n  is u sed , a  lo c a lly  g e n e r a t e d  re p lic a  
P N  s e q u e n c e  w ith in  th e  rec e iv e r  is c o r r e la te d  a g a in s t  th e  
re c e iv ed  P N  m o d u la te d  s ig n a l. M a x im u m  s ig n a l  level is 
a c h ie v e d  a t  th e  o u tp u t  o f  th e  c o r r e la to r  w h e n  th e  tw o  
s e q u e n c e s  a re  a lig n e d  e x ac tly . A l th o u g h  e x te rn a l  s y n c h r o ­
n is a t io n  c h a n n e ls  m a y  be u sed , th is  te c h n iq u e  is w a s te fu l o f  
s p e c t ru m  a n d  is p a r t ic u la r ly  p ro n e  to  ja m m in g ,  a n d  it is 
u s u a l in  m o s t  ra n g in g  o r  m u lti-a c c e ss  s y s te m s  fo r th e  lo ca l 
s e q u e n c e  to  s e lf -s y n c h ro n ise  w ith  th e  re c e iv ed  s ig n a l u s in g  
a  s y n c h r o n is a t io n  c irc u it in th e  re c e iv e r . A n  o b v io u s  
r e q u ir e m e n t  o f  th e  s y n c h r o n is a t io n  s y s te m  is th a t  th e  
in it ia l  a c q u i s i t io n  o f  io c k  s h o u ld  be a s  r a p id  as  p o s s ib le , 
a n d  t r a c k in g  o f  p h a se  c h a n g e s  d u e  to  d o p p le r  sh ift e tc , 
s h o u ld  be a c c u ra te  a n d  fast.
In  s o m e  s p re a d - s p e c tru m  s y s te m s  in it ia l  s y n c h r o ­
n is a t io n  m a y  be  a  tw o -s ta g e  p ro c e ss  u s in g  a n  a c t iv e  c o r r e l ­
a t o r  [ 3 ]  o r  a  p a ss iv e  c o r r e la to r  o r  c o n v o lv e r  [4 . 5 ] to  
p ro v id e  c o a r s e  s y n c h r o n is a t io n  to  w ith in  +  I b it .  F in e  s y n ­
c h r o n is a t io n  a n d  s u b s e q u e n t  t ra c k in g  m a y  th e n  b e  a c c o m ­
p lish e d  u s in g  e i th e r  a d e la y  lo ck  lo o p  (D L L )  [ 6 ]  o r  th e  ta u  
d i th e r  lo o p  [7 ] ,  H o w e v e r , b o th  lo o p s  m a y  b e  u sed  to  
a c q u i r e  in itia l s y n c h r o n is a t io n  a s  w ell a s  t r a c k  th e  d e la y  
e r r o r  b e tw ee n  th e  seq u e n c es , a n d  th is  h a s  o b v io u s  s y s te m  
b e n e f its  o f  re d u c e d  c o s t a n d  c o m p le x i ty ;  a l th o u g h ,  u n d e r  
g iv en  in p u t  s ig n a l - to -n o is e  r a t io  (S N R )  c o n d i t io n s ,  th e  
m a x im u m  s e a rc h  ra te  a t ta in a b le  by  e i th e r  o f  th e  tw o  lo o p s  
is n o t a s  h ig h  a s  fo r th e  c a se  o f  s e p a r a te  s l id in g  c o r r e la t io n  
u s in g  a n  a p p r o p r ia te  s e a rc h , lock  s tr a te g y  [8 ,  9 ] ,
P a p e r  4 ’ I7 C  lE  10. ESI firsi rece iv ed  ZSih S e p ie m h e r  IV 8J j n d  in  re v ise d  fo rm  Z ls i 
\u i{u vi  I d S i
T h e  ju ih o r »  a re  w ith  th e  S c h o o l o f  E lc v tr ic a l E n g in e e r in g .  L n iv e r s i t )  o f  B a th . C la -  
v e n o n  D o w n . B a ih  B A 7 7,AY. L 'n iie d  k in g d o m
1,1 A cquisition  using a d e la y  lock loop  
T h e  c h o ic e  o f  P N  s e q u e n c e  is  p a r t ic u la r ly  im p o r ta n t  in 
b o th  m u lti-a c c e ss  a n d  r a n g in g  sy s te m s , a n d  b o th  re q u ire  
seq u e n c es  w ith  g o o d ' 2 -lev e l a u to c o r r e la t io n  p e r fo r m a n c e  
a n d  lo w  v a lu e s  o f  c r o s s - c o r r e la t io n  w h e n  th e  w a n te d  
seq u e n c e  is c o r r e la te d  w ith  o th e r ,  s im ila r  le n g th . P N  
seq u e n c es . M a x im a l le n g th  P N  s e q u e n c e s  h a v e  re la tiv e ly  
g o o d  c ro s s -c o r r e la t io n  p r o p e r t i e s  a n d  a  2 -leve l a u to c o r r e l ­
a t io n  fu n c t io n ,  a n d  fo r  s e q u e n c e  le n g th s  in  e x ce ss  o f  1023 
b its  th e re  is a n  a d e q u a te  n u m b e r  o f  d if fe re n t s e q u e n c e s  fo r 
a  c o d e  d iv is io n  m u ltip le  a c c e ss  sy s te m  to  be v ia b le  [1 , 2 ]. 
A s a  c o n s e q u e n c e , m a x im a l  le n g th  s e q u e n c e s  h a v e  fo u n d  
w id e s p re a d  u se  in s p re a d - s p e c t ru m  sy ste m s .
C o n s id e r  th e  case  o f  a  s im p le  r a n g in g  s y s te m  in  w h ich  
th e  m a x im a l le n g th  P N  s e q u e n c e  is n o t  m o d u la te d  w ith  
d a ta .  In  th is  c a se  th e  s t a n d a r d  2A  D L L  s e p a ra te ly  c o r r e l ­
a te s  th e  re ce iv ed  s e q u e n c e  w ith  'e a r ly ' a n d  ‘l a te ’ lo ca lly  
g e n e r a te d  re p lic a  s e q u e n c e s  w h ic h  a re  c lo c k e d  fro m  a 
v o l ta g e -c o n tro l le d  o s c i l la to r  (V C O ) [ 6 ]  E a c h  s e p a r a te  c o r ­
re la t io n  b e tw ee n  m a x im a l- le n g th  P N  s e q u e n c e s  p ro d u c e s  a 
t r i a n g u la r  c o r r e la t io n  fu n c t io n  o f  w id th  2A  b its  T h e s e  
in d iv id u a l c o r r e la t io n s  a re  d if f e r e n c e d  to  p ro d u c e  th e  s ta t ic  
N -s h a p e d  d is c r im in a to r  c h a r a c te r i s t ic ,  o r  e r r o r  c u rv e , o f  
th e  D L L  w h ic h  is u sed  to  c o n tr o l  th e  fr e q u e n c y  o f  th e  
V C O  in  a fe e d b a c k  c o n f ig u ra t io n .  T h e  e r r o r  c u rv e  g ives 
in fo r m a tio n  re g a rd in g  th e  re la tiv e  p h a s e s  o f  th e  c o d e s  a n d , 
in th e  c ase  o f  m a x im a l s e q u e n c e s ,  th e  2A D L L  h a s  p h a se  
in fo r m a tio n  a v a i la b le  o n ly  fo r  ±  2A b its . B e y o n d  th is  
ra n g e  o f  d e la y  e r r o r ,  n o  p h a s e  in fo r m a t io n  is a v a i la b le  to  
th e  V C O  u n til  th e  s e q u e n c e s  n e x t c o m e  in to  s y n c h r o ­
n is a t io n ,  a n d  it is n e c e s s a ry  to  fo rce  th e  D L L  to  s e a rc h  th e  
s e q u e n c e  e p o c h s  s e r ia lly  by  o f f s e t t in g  th e  V C O  c lo ck  fre ­
q u e n c y  re la t iv e  to  th e  c lo c k  fr e q u e n c y  o f  th e  re ce iv ed  
se q u e n c e . T h is  is u s u a lly  to  a  s l ig h tly  h ig h e r  f r e q u e n c y
C o d e s  o th e r  th a n  m a x im a l le n g th  s e q u e n c e s  h a v e  a lso  
b e e n  p ro p o s e d  fo r m u lti- a c c e s s  a p p l ic a t io n s .  G o ld  c o d e s  
[1 2 ] ,  fo r e x a m p le , p ro v id e  a  la rg e  n u m b e r  o f  c o d e s  w ith  a 
c ro s s -c o r r e la t io n  p e r fo r m a n c e  w h ic h  c a n  be n o  w o rs e  th a n  
th e  c r o s s -c o r r e la t io n  p e r fo r m a n c e  b e tw e e n  tw o  m a x im a l 
le n g th  c o d e s . H o w e v e r, th e se  c o d e s  d o  n o t h a v e  2-level 
a u to c o r r e la t io n  fu n c tio n s ,  a n d ,  a l th o u g h  th e  c o r r e s p o n d ­
in g  D L L  d is c r im in a to r  c h a r a c te r i s t ic  m a y  be n o n z e r o  fo r 
d e la y  e r r o r s  b e y o n d  ±  2A b its , u n a m b ig u o u s  in fo r m a tio n  
le a d in g  to  p h a s e  lo ck  is o n ly  a v a i la b le  o v e r  th e  sa m e  ra n g e
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of delays as for maximal length sequences and a serial 
s arch strategy must still be employed.
The acquisition time of the DLL is the mean time taken 
to search all the epochs of the sequence, plus the pull-in 
t^me required to achieve a given delay error accuracy. 
Pull-in occurs from the moment that delay error informa­
tion is supplied to the correlator. However, even in noise­
less conditions, final acquisition can only be guaranteed if 
the maximum initial search rate is less than a critical value 
hich, specifically for the 2A 2nd-order loop, has been 
r< und to be [10]
Cm., =  2(U. b its ' ( 1 )
here w . is the natural frequency o f the loop (rad s “ *).
For search rates above this value, it is not possible for 
: standard 2A DLL to acquire phase lock. In noisy con- 
ions, it is only possible to specify a probability that lock 
1 be achieved [ 1 1] even when the search rate is less than 
. maximum given by eqn. I.
The search rate can, o f course, be increased arbitrarily 
increasing w . or the damping ratio C- However, this is 
the expense of an increased equivalent noise bandwidth 
the loop. For a 2nd-ordcr loop with active lag-lead filter 
, s is given by
B. =  w .(; -r 1/4C) 12)
ined for the frequency range — oc < tu <  x .
This would worsen the in-lock phase jitter o f the loop, 
d the DLL design must be a compromise between good  
juisition performance and in-lock jitter performance 
d hence mean-time to loss o f lock).
Davis and Al-Rawas [13, 14] have shown that the 
rch rate may be increased without increasing tu, by 
)adening the discriminator characteristics beyond the 
rmal widths of the lA or 2A loops by the use of addi- 
nal early" and ‘late’ correlations which are scalar 
ighted and summed or differenced, as appropriate. For 
Î case of a general (n -  m)A asymmetric 2nd-order DLL 
. have found [15] that the maximum search velocity is 
:n by
■‘’m.j, ~  (2.3m — 0.3n)cu, bit s' (3)
the case of a DLL having a damping ratio. Ç =  0.707 
i loop gain C -* x .
it can be seen that may be increased alm ost arbi- 
'ily by increasing the width of the discriminator charac- 
stics. The limit is set by the length o f the feedback 
uence generator, and the cost is increased hardware 
nplexity. In effect, the extra correlations provide parallel 
Kcssing of the code epochs.
Further, the authors have shown [15, 16] that addi- 
la l. significant increases in search rate o f a DLL used in 
inging receiver may be achieved without increasing ru. 
1 hence noise bandwidth) by controlling the phase of 
discriminator characteristics from within the loop 
mg acquisition. Fig. 1 shows the technique applied to a 
loop used in a ranging receiver application. In this 
gram, the input sequence 5, is assumed to be phase 
ked to the replica sequence, and is separately correlated 
h the early sequence, S * , ,  which is advanced by I bit 
itive  to 5,-, and which is delayed by 1 bit relative 
S,-. The phase of sequence may be controlled by 
•anging the state of the changeover switch. The technique 
applicable to arbitrarily wide DLL characteristics as 
)wn in Reference 15.
In References 15 and 16 there were signilicant devi­
ens between the theoretically predicted maximum initial
search rates of an ideal switched loop and those observed 
experimentally, despite careful optimisation o f the switch-
PN s«qu«nce
input Si
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'e a rly '
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\
la tch ing  sw itch control signal
feedbock PN seq u en ce
CO sw itch
VCOg ene ra to r
replica s e q u e n c e s '
F ig . 1 Schematic circuit diagram o f  a switched delay lock loop in a
ranging receiver
The delay error signal is used to control I he state of sequence S, . ,
over position of the discriminator characteristics. The 
error amounted to a reduction in maximum search veloc­
ity of approximately 33%. However, there was no signifi­
cant error between the experimental and theoretical 
maximum search rates for the unswitched loops, from 
which eqn. 3 was found to hold. The reason for this has 
been found to be due to switching transients on the error 
signal to the VCO which the model failed to take into 
account. In this paper, we show how this shortcom ing may 
be removed by a minor increase in hardware complexity. 
However, the ranging receiver application may be con­
sidered as a special case. In the majority o f cases the DLL  
will be used in multi-access com munications systems in 
which the PN sequences are data modulated. TTiis paper 
considers the application of the switched D L L  to the case 
of a data modulated spread-spectrum system, using a data 
feedback system. It is seen that data modulation has very 
little effect on the maximum initial search rate using this 
technique. The paper also considers the effect o f the initial 
search rate on the pull-in time of both switched and 
unswitched DLLs.
2 Com puter sim ulation  o f th e  acqu isition  
trajectory o f a DLL
The dynamics o f pull-in are determined by the loop gain, 
loop filter characteristics and the shape o f the discrimi­
nator characteristics. In particular, these parameters set 
the maximum rate o f change of phase error which the loop  
is able to track. More importantly, they also set the 
maximum rate o f change o f phase allowed in the initial 
epoch search from which the loop can still acquire lock.
It is convenient to present the DLL as a linear equiva­
lent circuit [2, 6, 17] in which the separate DLL correlator 
arms and sequence generators are replaced by the discrimi­
nator characteristic. This represents the mean value of the 
delay error signal fed to the loop filter for a given delay 
error between the two sequences. The linear model o f the 
loop is shown in Fig. 2. The input to this model is the
d isc rim in a to r lum ped  loop p a ra m e te rs
octuai detoy 0 (c )
c O F (s ) /s T
V
d e lay  e s tim a te
f
F ig . 2  Linearised delay lock loop model
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arbitrary delay. T. with which the sequence S'U -  T) 
arrives at the receiver and the output is the delay estimate 
T of the local sequence S(f — T) generated in the loop The 
loop filter has a transfer function F(s) and the lumped gain 
of the VC O  and mixers is given as C. From this it is 
apparent that the timing estimate T is expressed as
seconds (4)
where T  — f  =  s is the delay error, and D(e) is the normal­
ised discriminator characteristic which relates the delay 
error e between the sequences to the control signal oper­
ated on by CF(s)/s.
Norm alising the timing estimate and delay error into 
bits rather than real time we may define new variables x  
and y such that
c/Tf =  X, T/%  =  y  and D{clT,) =  D{x)
where 7̂  ts the period o f one chip of the maximal 
sequence.
Eqn. 4  becomes
s(y -  X) =  C F(s)[0(x)] (5)
F(s) is generally either a passive lag-lead lowpass filter,
1 + r ^
f ' " '  - ,  + , , ,
or an active lag-lead lowpass filter
(6)
(7)
Using the passive filter for the sake o f generality, it is pos­
sible to define r, =  C /w ;, r , =  (2C.tu, -  I/C) and g =  
G/tu, [17]. If C is high, such that l/g  4  2  ̂ then
and thus
1 4- 2C5./ÜJ, 
l/g  +  s/cu. (8 )
(9)
Defining [2 ]
I d y  1 dx
V = ------— and X   —
tu, at tu, di
as normalised rates of change of y and x (bit/s) gives the 
result
-  (>• -  X )  + Ï- — X =  D(x) +  2C .t
H dx
which m ay be rewritten as
dx
dx
D{x) + 2:D{x)x -  ÿ +  -  (X -  >•)
( 10)
(II)
This is the defining equation o f the normalised phase plane 
of the acquisition trajectory. This nonlinear equation  
cannot be solved analytically. If it is assumed that the 
spread-spectrum system is operated between fixed sites, or 
that any Doppler shift is very small, the normalised rate of 
phase shift o f the incoming sequence (>) will be small and ÿ 
may be assumed to be zero. This allows the phase plane 
equation to  be split into two simultaneous Ist-order differ- 
cntial equations. These were solved using the Runge-
Kutta-VIerson numerical technique. The method simply 
requires an initial search velocity between the two 
sequences .v, from which the trajectory may be obtained. 
The initial search velocity is then adjusted and a new tra­
jectory computed until the maximum search velocity .x,„„ 
is found. The phase plane equation (eqn. II) does not 
require the discriminator characteristic to be a specific 
shape, and the technique may be applied to switched and 
standard DLLs.
3 M odified  sw itch ed  DLL to  op tim ise  th e  initial 
m axim um  search rate
3.1 S w itch ed  DLL
In a standard 2A DLL, as the codes come into phase syn­
chronisation the curve (shown as t h e --------------- curve of
Fig. 36) causes the VCO frequency to increase, and the
d etoy  e rro r  x , b i t s
-1  -
a
c h o ro c te r is tic s  of
0 c o n v e n tio n a l
21 DLL
d etoy  e r ro r  x , b i t s
c h a ra c te r i s t i c s  
o t t e r  s w i tc h in g
s e q u e n c e  S ;., in ve rted  
o t  p e a k  n e g o tiv e  v o lu e  of 0 (x )
F ig . 3  Discriminator characteristics o f  the 2& delay lock loop
II During iniital acquisition ___
b After switching the phase of sequeoce S ..,.
search rate increases. When the codes are within I bit of 
synchronisation the slope of the error curve changes sign 
and the search rate decreases. The dynamics o f the loop  
dictate the maximum rate of change of phase error from 
which acquisition may be achieved ultimately. If the initial 
acceleration of the search process can be removed or 
reduced, it is possible to increase the initial search rate of 
the DLL yet still ensure that the maximum rate of phase 
change allows acquisition. Controlling the discriminator 
characteristic from within the loop enables this improve­
ment to be effected.
In this technique, outlined in Fig. 1. the phase of part of 
the discriminator characteristic may be controlled by 
inverting the early' sequence, S ,* ,, under the control of 
the delay error control voltage fed to the VCO. The 
sequences are initially switched so that S ,_ i and 5 ,., ,  are 
fed to the arms o f the DLL to give the discriminator char­
acteristic shown in Fig 3a. As the sequences come into
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lock the delay error voltage to the VCO reduces and the 
search rate decreases (compared with an increase in search 
rate of the conventional DLL). When the delay error is 
such that the discriminator characteristic has reached its 
peak negative value, the state of the changeover switch 
changes and 5 , . ,  is inverted back to the original sequence.
This causes the correlation between the codes to 
change sign and the discriminator characteristics change, 
as shown in Fig. 3f>. Although it is permissible to switch 
sequence 5, .., at other values of delay error during pull-in. 
switching over at the peak negative value gives the 
maximum improvement in search rate. Switchover may be 
controlled by comparing the delay error voltage with a 
fixed reference voltage in a Schmitt comparator, as in Ref­
erence 16, or using the peak hold/com parator circuit 
shown in Fig. I and detailed later. It is clear that, to maxi­
mise the initial search rate, the acquisition trajectory of the 
loop must always show a decelerating search rate in the 
upper quadrants of the phase plane of the trajectory.
By inverting the sequence during pull-in, the mean 
value of the delay error voltage at the summing junction 
has a step increase, but after this step change the delay 
error voltage continues to decrease. The step change 
would cause a large acceleration of the search process if 
allowed to pass directly to the VCO. removing any benefit 
gained. However, this does not occur because of the 
lowpass loop filter. Nevertheless, some acceleration o f loop  
is inevitable and this limits the maximum search velocity 
from which acquisition can occur.
Fig. 4 compares the theoretically predicted acquisition
mental loop, illustrated in Fig. 5. It is seen that, imme- 
diatcly after switching the phase o f the sequence S ,* ,. the
n o rm a lis e d  de lay  e rro r X ,bit \ '
F ig . 4  Theoretical and experimental acquisition trajectories o)' a 
delay lock loop m switched and unswitched form s
 th « o re tic a L  s w u c h e d
  e .x p e ritn e n ia l .  iw i ic h e d
 ih r â r e i i c a l .  u n iw u e h e d
—  —  e x p e r im e n ta l ,  u n s w itc h e d  
— I r a d  f  ■ ‘
; -  0.707
trajectory o f switched and unswitched 2A DLLs with the 
corresponding experimental trajectory [16]. It is clear that 
switching the discriminator characteristic results in a sig­
nificant increase in the maximum value of the initial search 
rate compared with the unswitched version. However, the 
maximum initial search velocity, leading to acquisition, of 
the experimental switched loop is significantly less than the 
corresponding theoretical value, although the results for 
the unswitched loop are in excellent agreement. The reason 
for this is shown in the time dependence o f the error 
voltage and rate of change of error voltage, o f the cxperi-
s w itc h e d  lo o p
s ta n d a r d  loop
I
S w itch e d  loop
g litc h  IS d u e  to s tep  c h a n g e  
in e r ro r  v o lta g e
b
F ig . 5  T im e dependence o f  the delay error and dericatices o f  the delay 
error signals fe d  to  the VCO  o f  an experimental switched J S  loop showing 
the increase in the dericatice o f  the delay error collage after switching the 
phase o f  S i . ,
rate o f change of error signal increases momentarily. This 
corresponds to the slight acceleration of the search process 
shown in Fig. 4. This is due entirely to the filtered step 
change in error voltage. In these experiments a 1023 bit 
maximal length sequence was clocked at a nominal 
1 MHz. The loop filter parameters were adjusted to give 
o), »  1 rad s " ‘ and C =  0.707. N ote that the trajectories in 
the upper RH quadrant of Fig. 4 are almost identical for 
switched and unswitched loops, indicating that for a given 
V it is the value of x at .t -  0 which is the critical par­
ameter to ensure acquisition.
In the theoretical analysis used in the comparison, the 
step change in discriminator characteristic was not allowed 
for, and switching over the discriminator characteristic was 
assumed to result in a continued negative slope to the dis­
criminator characteristic, thereby maximising the period 
for which the loop decelerates. This is confirmed by Fig. 4. 
Lock occurs with no acceleration o f the loop in the upper 
quadrants of the phase plane plot.
M odified sw itch ed  DLL 
It is possible to get the full benefit o f the switched DLL (in 
terms o f maximum initial search rate) by a modification to 
the structure o f the loop to remove the offset voltage after 
switching. The new loop is detailed in Fig. 6 for the 2A 
loop. The technique is applicable to other wjde-A and lA  
loops.
-  399 -
The dirtcrchcc between this loop and the switched loop, 
discussed earlier, is the use o f a DPCO  switch SW l. SW2
The modified loop requires little more hardware than 
the switched loop because, for automatic operation of the
inpul Si loop f liter/l«vc< 
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F ig . 6  Schemûtic circuit diagram o f  a modified switched  2A delay lock 
loop to remove the problem o f  step chemges in delay  e rro r ooltage irfter 
switch over
a 2 » a l u l o ç u e  " h e ld ' v o l ta g e  
b D ig i ta l  tw i t c h  c o n t r o l  o u tp u t
and a simple summing junction applied to the active loop  
filter to provide a level shifting network. The analogue 
voltage ( — Kp) generated by the peak hold/comparator 
circuit connected to the delay error output from the loop  
filter, as shown in Fig. 7.
R
o ffse t voltoge. 
-Vo
poin t a
*2 n o n -inve rting  am plifier
signal T
peak  negoti' 
ho ld  circuit
sw itch control 
ou tpu t
point bX
Schm itt com parato r
F ig  7 Peak hold,'comparator circuit used to  control the state o f  
sequence S, - ,  and generate the offset voltage — 1^
The operation o f the loop is as follows. When the loop  
is acquiring initial synchronisation, sequence 5,*  ̂ is 
inverted to give the discriminator characteristic o f Fig. 3a. 
This is achieved by the state of switch SW l. At the same 
time, the state of SW2 ensures that 0 V level offset is fed to 
the level-shifting network in the loop filter and the VCO 
idles at a slightly higher frequency than the clock fre­
quency of the received sequence. As the delay error voltage 
is reduced, the VCO frequency reduces towards that of the 
received sequence. When the sequences are within 1 bit of 
synchronisation the delay error voltage starts to rise. At 
this point the peak hold/comparator circuit changes state, 
switching over the states o f SW l and SW2. Switching SW l 
causes the sequence 5^^, to revert to its normal nonin­
verted state, and the discriminator characteristic changes 
to that shown in Fig. 36. At the same time — is fed to 
the level shifter. — Fg is twice the value of the peak hold 
voltage at change over, and this corresponds exactly to the 
change in mean level of the discriminator characteristics. 
The result is that the step offset which occurs in the orig­
inal switched loop no longer occurs and there is no accel­
eration in search velocity after switchover.
Fig. 8 compares the experimental and theoretical acqui­
sition trajectories of the modified switctied 2A and 4A 
DLLs. It is clear that there is now negligible difference in 
performance between experimental and theoretical loops.
n o rm a lised  delay  e rro r x .b its
a
m to-
n o rm alised  delay error « .b its
6
F ig . 8  Theoretical and experintental acquisition trajectories o f  the 
modified switched delay lock loop
c x p e r im e n ia l  r e s u lu
—  —  ih e o r e t ic a l  r e s u l ts  
w ,  «  I r s d  f  ■ *
;  -  0.707 
d  I S  v a n a o i  
b  4 P  v a r ia i»
loop, the peak hold/comparator circuit would be required 
anyway.
The modification has an associated benefit. Offsetting 
the VCO to cause the loop to search the sequence epochs 
can cause a small amount o f loop stress [18] which pre­
vents exact phase synchronisation if the loop gain is small. 
For systems with a high loop gain, loop stress is not a 
problem. If, however, very accurate phase synchronisation 
is required, it is necessary to remove the loop stress. The 
addition o f the offset voltage — can be used to counter 
the built-in loop stress of the DLL
The maximum initial search rate is dependent upon the 
relative phase between the sequences when 5 , - ,  is 
inverted. Fig. 9 shows the effect o f the switchover position 
of 5,-4 . 1 on the maximum search rate o f 2A and 4A DLLs, 
corresponding to the acquisition of lock. The phase refer­
ence is with respect to the in-lock condition. It is clear that 
the maximum search rate is achieved when the codes are
— 400 —
switched over at the peak negative value of the discrimi­
nator characteristics. Although not shown, this was found
However, increasing the damping ratio to 1.2 during initial 
acquisition can increase the maximum initial search vcloc-
2 5
- 3 . 0  - 2 . 5  - 2 .0  -1 .5  - 1 0  - 0 . 5
switchover position of sequence S u t . b its
0 .5
switchover position of sequence S ,.i .b its
F ig . 9 Effect aj the siwichover poiition the sequence S . - ,  on the 
maximum search rate
a DLL 
b a  DLL 
EiTec; of loop  gain 
lit •  X 
(iil »  20 
liiil •  10
( i v |  m  5
ca. -  I n d  « '  '
:  -  0 .7 0 :
to be true for all the loops tested, including the asymmetric 
(n -  mjA DLLs, except the switched lA loop. This is 
because at this switchover position the discriminator char­
acteristic has no positive slope. If the loop is switched at 
a n y  other relative phase, the discriminator characteristic 
has a region of positive slope, and a consequent acceler­
ation of the search process, during pull-in.
Also shown in Fig. 9 is the effect o f loop gain G on the 
maximum search rate as a function of switchover position. 
It is apparent that reducing gain reduces the maximum 
initial search rate, w, and C art maintained constant at 
1 rad/s and 0.707. respectively.
Similarly, increasing the damping ratio is also expected 
to increase the maximum initial search rate, from which 
lock may be ultimately achieved. Fig. lOA shows the effect 
of damping ratio on the maximum initial search rate o f a 
standard DLL in 2A and 4A configurations. Theoretical 
and experimental results are in exceWent agreement. 
Although increasing C can worsen the noise bandwidth, for 
damping ratios in the range 0.3-1.2 the noise bandwidth 
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F ig . 10A  Comparison o f  the theoretical and experimentttl values o f  
maximum initial search rate as a function o f damping ratio for standard 2A 
and 4à DLLs
  th e o r e t ic a l  p r e d ic te d  r e s u h  ( l o o p  g a in  -  x )
 e x p e r im e n ta l  r e s u l t  ( l o o p  p i n  >  4 0 )
ity by a further 5A% relative to its value for (  =  0.707 and 
so the trade off is beneficial. A corresponding improvement 
in initial search rate is found when damping ratios in 
excess of 0.707 are used on the modified switched loop  
detailed in Section 3.2, but not with the switched loop  
described in References 15 and 16 where increasing {  
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F ig . 1 0 8  Effect td'damping ratio on the maximum initial search rate of 
switched 'A and 4A DLLS
T h e s e  a r e  e x p e r im e iu a l  r e s u l t s  
lo o p  p i n  > 4 0
effect of damping ratio on the initial search rate o f the 
modified switched loop found experimentally. The increase 
in maximum search rate, compared with a standard 2A 
DLL is now very impiyssive. Fig. 11 shows a further m odi­
fication to the DLL where the active filter is switched so
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ihai (he dam ping ratio may be changed back to 0.707 after 
lock without affecting cu,. The basic loop may be switched
d ia g r a m  o f  F ig . 12. F ig  12 s h o w s  th e  ciTect o f  in itia l s e a rc h  
r a t e  o n  t h e  p u ll- in  tim e  o f  s w itc h e d  a n d  s ta n d a r d  D L L s.
PN seq u e n c e
inpu t
—I sw itch e d  loop filler e n d  level 
^  sh ifte r  I
p u lse  ro le  
d isc rim in o to r filte r control 
sig n a l
O V ,
SW2,SWt
sw itch  contro l s ignal
S i.iSi-1 la tch ing  DPCO sw itch
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F ig . 11 Schematic diagram o f a switched 2à  DLL in a ranging receiver 
using a switched active filter to control the damping ratio to achieve 
improved initial search velocity
or unswitched. T he pulse ratio discriminator is used as an 
in-lock indicator which is used to control the state of the 
damping ratio o f  the loop. An advantage o f this technique, 
compared with changing o ,  [2], is that C may be changed 
abruptly with no tendency for the loop to lose lock. 
However, it must be stated that C must be switched over 
when the trajectory is in the lower quadrant of the phase 
plane or after final phase lock, otherwise loss of lock may 
result if is close to
3.3  Effect o f  the width o f the discriminator
characteristics on the maximum search rate o f a 
m odified  sw itched-D LL  
It is clear that increasing the width o f the discriminator 
characteristic increases the maximum initial search rate of 
both the standard and the switched DLLs. The solution to 
eqn. 11 was obtained for the maximum initial search rate 
of the general asymmetric (;i -  m)A switched DLL. It was 
found that the maximum search rate may be expressed as
f —i  -  (2.22m +  16n 4- 0.273)w. bit s" ' (12)
for the case of optimum switchover position, C —* x  and 
;  »  0.707.
This may be contrasted with eqn. 3 for the unswitched 
loop. W hereas a large value o f n, relative to m, reduces the 
maximum search rate of the standard DLL, for the case of 
the switched loop, widening the loop invariably increases 
the maximum initial search rate, because there is no posi­
tive slope to the characteristics.
A secondary, but equally important, aspect o f the 
switched loop  is that by using an initial search rate less 
than the m axim um  given by eqn. 12. but which is greater 
than for the standard loop, the probability of acquisition 
will be greater when the loop is operated in noisy condi­
tions.
4 Effect of initial search  ra te  on th e  pull-in tim e of 
s tan d a rd  and  sw itched  DLLs
It is a straightforward task to modify the numerical solu­
tion technique o f eqn. 11 so that the pull-in time of the 
loop can be found. Pull-in time is defined here in the inset
•* 13
Z a O L L
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n o rm a lis rd  initial s e a rc h  ro le , b 'l  s-* 
o
m inim um  initial s e a rc h  ro te  
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F ig . 1 2  Effect o f the initial search velocity on the puil-in time or and
dS  D L U
a Standard confiyuraiion 
b S w itc t ie d  c o n f ig u r a t io n  
(G ■ X. C “  0.707)
The characteristics are similar for each type of loop, and 
the pull-in times are approximately the same, even for 
wide-A loops. The reason for this is that, although the 
initial search rate of a wide-A loop  is large, the trajectory is 
correspondingly larger. The shape o f the characteristics is 
particularly interesting. For the standard DLL, for very- 
slow  initial search rates, the pull-in time will be slow, irre­
spective o f  any loop acceleration. .As the initial search rate 
is increased the pull-in time is reduced. However, the 
reduction does not follow a simple hyperbolic path 
because, as the initial search rate is increased, the acquisi­
tion trajectory increases in size. For normalised initial 
search rates above I bit/s the pull-in time remains rela­
tively constant as the acquisition trajectory increases in 
proportion to the search velocity. For initial search velo­
cities close to the maximum allowed, expansion of the 
acquisition trajectory in the upper quadrants o f the phase 
plane ceases, giving rise to the small dip in the character­
istics. However, for further, very small increases in search 
velocity, careful examination o f  the acquisition trajectories 
reveals that the trajectory expands significantly in the 
lower quadrant o f the phase-plane only. This results in an 
increase in the pull-in time. As the initial search rate 
becom es extremely close to the maximum, pull-in becomes 
a very lengthy process.
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For the case of the switched 4oops it is seen that there is 
a minimum search velocity which is necessary to ensure 
lock. For search rates above this minimum, the character­
istics are similar to those of the standard DLL, although 
somewhat ‘softer’ in this case because the switched loop  
does not accelerate, which obviously slows down the 
pull-in time.
The reason for the minimum initial search rate is illus­
trated in Fig. 13 for the 2A loop. At low search rates the
loop d o « s  not 
o q u ire  lock
n o rm a lis e d  delay  
e r ro r ,  b i t s
loop d o e s ^ — /  
no t a c q u ire  lock
F ig . 1 3  Acquisition trajectory o f  a modified switched loop fo r  initial 
search velocities below and above the minimum allowed 
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trajectory is such that x reduces to 0 before x exceeds — 1 
bit, i.e. the epoch search stops or reverses before the codes 
come into coarse synchronisation. If the initial search 
velocity is just larger than the minimum, Fig. 13 shows 
that the trajectory just exceeds x =  — I. The loop then 
switches over and the loop is forced to pull in.
If the initial search rate is larger than the maximum  
allowable. Fie. 13 shows that lock cannot be achieved.
5 Application o f tha sw itch ad  DLL to  a data
m odulated spread-spectrum  system  using data  
feedback
5 .1 Introduction
The delay lock loops thus far described have been intended 
for use in ranging receiver applications. Data modulated  
direct-sequence spread-spectrum systems com m only use 
sequence inversion keying in which the data is m odulo-2 
added to the high-speed PN sequence. To achieve the 
necessary processing gain, the data rate is much less than 
the chip rate of the PN sequence. Generally, each data bit 
has the same period as one entire PN sequence period and 
is clocked coherently with the start tk  each sequence. 
However, the data may be transmitted asynchronously if 
desired. The effea of modulated data on a DLL synchro­
niser is to change the polarity of the N-shaped discrimi­
nator characteristic whenever the data changes polarity.
The data rate is much higher than the loop filter band­
width. and. as a consequence, the mean value of error 
signal fed to the VCO is zero if the data is assumed to be 
random. A common technique of overcoming this problem  
is to use an envelope detector in each arm of the DLL to 
maintain the polarity of the individual early and late cor­
relations. A requirement o f these detectors is that they 
should demodulate the data linearly (rather than square 
law), otherwise the loop has reduced gain at the optimum  
position o f lock [19]. Although such techniques are viable 
for simple IA and 2A DLLs they become less viable as the 
size o f  the loop increases, involving more separate correla­
tions.
Davis and Al-Rawas [13] and Ormondroyd and 
Shipton [19] have separately proposed data feedback tech­
niques in standard DLLs to remove the need for envelope 
detection. In this technique, an estimate o f the data is 
obtained from the spread-spectrum data correlator. This is 
fed back to the data modulated PN  sequence applied to 
the DLL synchroniser where it is m odulo-2 added to 
produce a ‘clean’ PN sequence devoid o f modulation. It 
will be apparent that the data correlator first requires the 
local PN  sequence to be in phase with the received data 
modulated signal before it can supply an accurate data 
estimate to the synchroniser. However, the DLL idles at a 
slightly different frequency to that o f the received sequence 
so that the loop can perform an epoch search when out of 
lock. If the epoch search is sufficiently slow, the data esti­
mate can be obtained as the two sequences slide past each 
other through phase synchronisation. This can be fed to 
the synchroniser, and the data modulation removed. The 
loop then snaps’ into synchronisation. The acquisition 
and in-lock performance o f this loop is given in Reference 
19. The penalty o f this type of crude data feedback DLL is 
a reduction in the maximum allowable initial search rate. 
In general would be much less than that given by eqn. 
1. In wide-A loops the problem is less acute because there 
is a correspondingly longer time to feed the estimate back 
to the DLL during pull-in.
This acquisition problem exists because the data esti­
mate can only be made when the locally generated 
sequence S, comes within ±  I bit of synchronisation o f the 
received sequence, dictated by the correlation function of 
the PN  sequence. If a reliable data estimate can be made 
before the loop starts to acquire lock, then there should be 
no reduction In the maximum initial search rate. Thus, for 
a general (n -  m)A DLL it is necessary for a reliable data 
estimate to be available for (n -t- m -F 2) bits. This may be 
achieved quite easily with minimum extra hardware by 
performing multiple data correlations in parallel using 
several early and late local sequences generated by the 
feedback shift register. Fig. 14 shows the extended data 
correlator characteristics needed, compared with a stan­
dard correlator. It is clear that the data estimate is avail­
able to the DLL over a range o f delay errors beyond that 
of the normal correlator. It is not necessary for this new
c o rrv la to r u s e d  in  d o ta  feedback  loop
I
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F ig . 14  Extended data correlation characteristics necessary to employ 
the data I'eedhack technique
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correlator characteristic to be symmetrical because the 
loop acquires lock during the search procedure and delay 
errors of + 2 6  bit are not achieved in a 2 6  DLL when it is 
pulling into lock. However, it is obvious that the range 
over which the data can be recovered may be extended to 
the limit set by the length of the feedback shift register.
5 .2  DLL using data feedback
The technique is shown in Fig. 15. The DLL incorporates 
the data correlator as well as the synchronisation loop.
T a b la  1 : C o m p a r is o n  o f  t h a  n o r m a t i s a d  m a x im u m  in itia l 
s a a r c h  r a t a  ( r a d  s  ' )  fo r  s t a n d a r d  a n d  s w i t c h a d  v a r ia n ts  o f  
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Fig. 15 Application o f the switched DLL to a data modulated pn 
sequence using data feedback
T h e  ip r e a d - s p e c i n j m  d a t a  c o r r e l a t o r  i i  i n c o r p o r a t e d  in  th e  D L L
which may be of any type described earlier. Considering 
the data correlator section the lowpass filter on the data 
correlator has a cut-off frequency equal to half the data 
rate and the zero-crossing detector is used to restore the 
shape of the data bits.
It will be seen that the configuration o f the switched 26  
DLL is slightly different to that shown earlier, in that the 
S , . , correlation is not performed until after the summing 
operation. This is permissible because the multiplication 
operation is linear, and its effect is to keep the number of 
multiplier ICs to a minimum. In this loop configuration 
the com posite locally generated sequence. (S,*., +  5, _ J  is 
first modulated by data which is then correlated against 
the data-m odulated received signal, using the loop filter to 
perform the integration process. The discriminator charac­
teristics are identical to those shown in Fig. 3.
5.3  Experimental performance o f the 
sw itch ed  DLL with data feedback 
In this set of experiments two types of data source were 
used. The first type of data was clocked synchronously 
with the PN  sequence and had a data bit period equal to 
the sequence period. The second type o f data had the same 
nominal data rate, but was clocked asynchronously with 
respect to the P N  sequence. The PN code was a 1023 bit 
maximal length sequence clocked at 1 M Hz in the trans­
mitter. For the purpose o f these tests a standard 
unswitched DLL is compared with the switched DLLs 
outlined in Sections 3.1 and 3.2. The loop natural fre­
quency oi, was set at I rad/s and the damping ratio 
C =  0.707. The lowpass filter used to remove the data esti­
mate from the data correlator was set. in the first instance, 
equal to the data rate (977 bit/s) to minimise pulse distor­
tion. The data source was generated from a maximal 
length sequence generator.
Table I compares the values of maximum initial search 
velocity found for the types o f loop listed. It will be seen 
that data has no effect on the maximum initial search 
velocity when data feedback is used, and that, in every
No data 2.0 3.6 5.1
Synchronous data 2.0 3.6 5.1
A synchronous data 2.0 3.6 5.1
case, the maximum initial search velocity was the same as 
the theoretically predicted value.
For the case of a 46  DLL used with data feedback, it is 
necessary to widen the data correlator if maximum initial 
search velocity is to be achieved. In this case six data cor­
relations would be performed from sequences S ,.  j -* S ,.  ; .  
inclusive. However, this requires no more hardware, except 
for extra summing junctions in the summing amplifier.
6 C onclusions
The paper has outlined details of a modified delay lock 
loop which has a performance which compares extremely 
well with theoretical calculations. The modified loop can 
achieve acquisition of lock from initial search rates which 
are 2.4 times tiigher than standard delay lock loops, yet 
has no significant effect on the pull-in time. Finally, a tech­
nique of data feedback has been applied to standard and 
switched DLLs, and it has been found that neither the syn­
chronous nor asynchronous data have any effect on the 
pull-in properties of the loops described.
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